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ABSTRACT
Van Zandt, Nicholas L. M.S.M.S.E, Department of Mechanical and Materials Engineering, Wright
State University, 2021. Aqueous Fabrication of Pristine and Oxide Coated ZnSe Nanoparticles.

Semiconducting nanoparticles have received significant attention due to their unique
optoelectronic properties. Quantum dots (QDs), a class of spherical nanoparticles, possess
a size-dependent bandgap and photoluminescence at visible wavelengths. QDs have many
applications including biological labelling, solar cells, chemical impurity detection, and
optical glasses. Doping QDs into optical glasses is highly desirable. High-quality QDs
can be synthesized via liquid solution methods. However, solution-synthesized QDs often
degrade over time and they cannot survive incorporation into a glass melt without protection. In this work, the aqueous synthesis of ZnSe QDs and coating with nanometer silica
and alumina protective shells are investigated. The effects of synthesis conditions on the
structure and coating quality of ZnSe nanocrystals are systematically assessed via X-Ray
Diffraction, Electron Microscopy, and UV-Vis Spectroscopy. Results indicate the successful fabrication of ZnSe nanocrystals and deposition of both silica and alumina shells.
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Introduction
As scientific advances have progressed to smaller and smaller scales, nano-scale materials
have become widely valued. Today, there are countless nanomaterials used in a wide variety of fields. The behavior of a nanomaterial depends dually on its structure and source
material. Modern nanostructures include thin films, nanorods, fullerenes, nanowires, and
nanoparticles.
Quantum dots (QDs), extremely small nanocrystals, are a unique class of nanoparticle. They are commonly shaped as nanosize spherical particles, which often range from
2-20 nm in diameter. QDs can be composed of metallic (Ag, Au, Fe), nonmetallic (S, Si),
or ceramic materials (CdSe, PbTe, ZnSe, etc). QDs commonly exist in a variety of crystal
structures, including cubic/zinc blende, hexagonal (wurtzite), and perovskite. QDs are classified as zero-dimensional–a nomenclature applied to materials without regular long-range
atomic order in any dimension. This contrasts with one-dimensional structures (nanorods,
nanowires) and two-dimensional nanostructures (nanosheets, such as graphene or MoS2 ).
QDs possess a size-dependent bandgap (Eg ), luminescence at visible/near-infrared wavelengths, and discrete electron energy levels. Today, QDs are a topic of active research for a
wide variety of applications.
The advent of nanotechnology has, for the most part, occurred within the last seventy
years. However, QDs have been used historically for roughly two millennia. In the GraecoRoman era, QDs were used as a hair dye [1]. The Lycurgus cup, dated to the 4th century
A.D., is an early example of a dichoric glass, where reflected and transmitted light have
1

Cleared for Public Release:
Case Number: AFRL-2021-1721

Figure 1.1: Historical trend of QD-related scientific publications. Source: [10]

different colors [2]. Modern analysis attributes the Lycurgus cup’s optical behavior to 50100 nm gold-silver alloyed nanoparticles [3]. In the 1900s, colloid and interface science
began to advance, the next step in QD synthesis.
In 1950, LaMer and Dinegar publiblished a landmark paper on the formation of dispersed colloidal sulfur particles, as small as 430 nm [4]. However, these particles were too
large to exhibit any quantum effects. Decades later, in 1981, Alexi Ekimov published a
pioneering paper on the quantum properties of CuCl crystals in a glass matrix [5]. Shortly
thereafter, in 1982, Efros and Efros published an investigation of the theoretical behavior
of light-absorbing semiconductor spheres [6]. Soon after, Rossetti and Brus reported the
first colloidal synthesis of quantum dots, 20 nm CdS nanospheres [7].
From the late 80’s onward, QDs exploded in popularity. Figure 1.1 shows the number
of QD-related publications per year, up through December 2020. In 1987, Spanhel et al
reported the first aqueous synthesis of CdS quantum dots [8]. The first synthesis of aqueous
ZnSe QDs was reported much later, in 2004, by Shavel et al [9].

2
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Figure 1.2: Graphical image of a ZnSe quantum dot. Lattice parameters are cubic ZnSe.
Image created with VESTA

1.1

Quantum Dot Overview

At sufficiently small size scales, nanocrystals begin to exhibit quantum behavior, hence
the name “quantum dot”. At an atomic level, QDs possess a regular crystalline lattice,
composed of one or more elements. Figure 1.2 is representative of a 1.5 nm zinc selenide
quantum dot, with a zinc blende (cubic) crystal structure. In general, quantum properties
manifest when the particle radius is less than the Bohr exciton radius [11]. These properties
include a size-dependent electronic bandgap (Eg ) and wavelength-dependent absorption
and luminescence behavior. By altering the size, material, and morphology of a quantum
dot, the optical absorption and emission can be tuned across the entire visible wavelength
[12]. Figure 1.3 demonstrates the range of emission wavelengths observed from QDs of
differing materials and particle sizes.
The surface chemistry of QDs has critical influence on optical properties and stability. At the edge of any crystal, there is a layer of dangling bonds–atoms without a filled
3
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Figure 1.3: Variation of emission wavelength from different materials and sizes. Source:
[12]
octet. QDs have an extremely high surface to volume ratio, making the fraction of partiallybonded atoms much higher than the bulk. Most QDs have a roughly spherical shape, which
minimizes surface area. This is not a hard and fast rule, as synthesis conditions can lead
to a variety of shapes. For example, some ternary perovskite QDs can be synthesized with
a more rectangular shape [13]. These dangling bonds are heavily detrimental to optical
properties, such as the photoluminescent quantum yield (PLQY), which is the fraction of
emitted photons vs absorbed photons under optical excitation. To avoid this, most synthesis
methods apply a capping ligand to the QD which adheres to the partially-bonded surface.
The choice of capping ligand depends on the synthesis method and desired application.
In some cases, nanoparticles may be synthesized with one ligand, which is later replaced.
This is often seen where QDs are synthesized with a hydrophobic ligand, but replaced with
a hydrophilic ligand for further processing [14]. Due to their unique combination of optical,
electronic, and chemical properties, the potential applications of QDs are wide-ranging. In
optoelectronics, QDs have potential in lasers [15, 16], solar cells [17–19], light emitting
diodes (LEDs) [20–23], single photon sources [24], and optical glass fibers [25]. Chemical
and biological applications of QDs include ion/impurity detection [26–28], labelling/imaging [29–31], drug delivery systems [32], and cancer therapy[33]. Niche applications of

4
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nanoparticles also include QD-based scanning microscopes [34], and even detection of fingerprints in blood [35]. The widespread range of QD applications is a testament to their
customizability, when synthesized with different conditions or from different materials.

1.2

Quantum Dot Materials

Quantum dots have been synthesized from a plethora of material systems, whether elemental, metallic, or ceramic. Examples include C [36], Si [18], Au [37, 38], Ag [39], CdSe
[40, 41], CdTe [42, 43], PbSe [44, 45], and ZnSe [46–48]. Binary semiconductors are
extremely common, but ternary semiconductors such as CuInSe2 , CuGaS, AgInSe2 , and
others have also been studied [49]. For QDs, material selection depends upon cost and
properties suitable for the desired application. While some metals and chalcogenides are
commonly available, rare-earth metals and minerals are more costly. Figure 1.4 shows a
comparison between elements commonly used in quantum dots. Notably, rock-forming
elements (Si, Al, Fe) are extremely common. Major industrial metals, such as Zn, Cu, and
Ni are a few orders of magnitude less common. Cd, Te, Au, and Ag are rarer still. Although only small volumes are needed to synthesize QDs, material cost is still a concern
for large-scale production.
Broadly speaking, material characteristics can be grouped into mechanical, chemical, and optical/electrical properties. For QDs, the latter two fields receive the majority
of attention. Both chemical and optical properties are highly dependent upon synthesis
methods. Notable chemical properties of QDs include toxicity/nontoxicity, hydrophobicity, and chemical stability. Notable optical properties include a size-dependent bandgap
and luminescence.
The toxicity of QDs is a principal concern. Cadmium-based QDs are perhaps the bestcharacterized quantum dot material. To their credit, cadmium chalcogenide QDs can emit
light across the entire visible spectum (Fig 1.3). However, cadmium, lead, and mercury

5
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Figure 1.4: Geologic abundance of materials used in quantum dots. Source: [12]

are all toxic, which immediately reduces their viability for biological applications, and can
be problematic for other applications. By contrast, Ag and Zn-based QDs are typically
non-toxic.
The hydrophobicity of QDs is dependent upon the capping ligand used. Typically, if
QDs are synthesized in aqueous media, they are not soluble in organic media, and viceversa. The chemical stability of a QD is dependent upon its environment and morphology.
If dispersed in solution, uncoated, uncapped QDs will rapidly lose their optical properties.
By contrast, QDs coated with protective shells, such as CdS, ZnS, or SiO2 have remained
stable for months [31, 40].

1.2.1

Zinc Selenide Properties

Zinc Selenide is a group II-VI chalcogenide semiconductor widely used in optoelectronics. In bulk, ZnSe is a yellow polycrystal with very low impurity absorption and scattering
6
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Figure 1.5: Refractive index of bulk ZnSe

loss [50]. The material properties of ZnSe are consistent with similar wide-bandgap semiconductors. ZnSe has two polymorphic crystal structures: cubic (Zinc Blende-type) and
hexagonal (Wurtzite-type). Cubic ZnSe has a lattice parameter of a = 5.68Å, whereas
hexagonal ZnSe has a = b = 3.98Å and c = 6.53Å. Figure 1.6 shows both the cubic and
hexagonal structures. Table 1.1 lists additional parameters of ZnSe.The refractive index of
bulk ZnSe exhibits minor variation at wavelengths less than 1000 nm. The change in bulk
refractive index can be estimated by
r
n=

4+

1.90λ2
λ2 − 0.113

(1.1)

where n is the refractive index and λ is the wavelength [51]. Figure 1.5 shows the variation
in bulk refractive index based upon wavelength.

1.2.2

Selected Applications of ZnSe QDs

Zinc selenide quantum dots have been used in a wide variety of applications. Bulk ZnSe
is commonly used in lenses, windows, and beam expanders[54]. As a nanomaterial, ZnSe
7
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(a) Zinc Blende (Cubic) ZnSe Unit Cell

(b) Wurtzite (Hexagonal) ZnSe Unit Cell

Figure 1.6: Zinc selenide polymorphs
Table 1.1: Zinc Selenide Material Properties
Mw (g/mol) ρ (g/cm3 ) Eg (eV)

Tm (°C)

144.35a

1,525a

a
b

5.27a

2.7a

Reduced
Electron Mass
(me /m0 )
0.157b

Reduced
abohr
Hole Mass ε
(nm)
(mh /m0 )
0.935b
8.7b 4.5b

Reference [52]
Reference [53]

is valuable for solar cells, chemical detection, LEDs, and cellular imaging. ZnSe can also
be used in lasers, logic gates, and transistors [52]. Additionally, ZnSe is nontoxic [55],
making it an alternative to Cadmium-based materials. Lee et al synthesized InAs/ZnSe
core/shell quantum dots to sensitize QD-based solar cells (QDSSC). InAs/ZnSe QDs were
synthesized by a hot-injection method, using ODE as a solvent. The QDs were cleaned by
a liquid chromatography method, using ethanol. TiO2 nanocrystals were spin-coated onto
a fluorine-doped tin-oxide (FTO) substrate and sintered. Subsequently, the InAs/ZnSe QDs
were repeatedly spin-coated onto the substrate. To finish the device, a upper gold film was
deposited (70 nm thick). When an exciton is generated in the InAs/ZnSe QDs, the electron
moves to the TiO2 electrode, whereas the hole moves to the Au electrode, generating an
electric current. The resultant cell had a VOC of 0.51 V and a JSC of 13.8 mA/cm2 . The
solar efficiency was 2.7%, which was a significant increase over previously reported values
[19].
Ding et al synthesized L-Glutathione-capped ZnSe QDs for detection of Cu(II). In a
8
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n
2.67b

Figure 1.7: Photoluminescence sensitivity of ZnSe QDs to dispersed Cu2+ ions; Source,
[56]

normal aqueous synthesis, zinc acetate and GSH were mixed in water. A NaHSe solution
was injected into the zinc solution at room temperature. Subsequently, the mixture was
heated to 90 °C. The average particle size was 3.4 ± 0.3 nm. To detect the presence of
Cu2+ ions, the ZnSe QDs were dispersed in a phosphate buffer, to which varying amounts
of Cu2+ were added. The authors compared the effect of [Cu2+ ] on relative PL intensity.
Figure 1.7 shows the variation in PL intensity with copper ion concentration. The authors
also investigated the effect of impurity ions (K+ , Na+ , Cl – , SO4 2 – ) and found that alkali and
alkaline earth metals had negligible effect, and transition metal ions had only minor effect
( 10 % error). The detection limit for Cu2+ was 2 · 10 – 10 mol L – 1 [56].
Lee et al prepared a green-emitting QD-light emitting diode (QD:LED) that used
ZnSe1 – x Tex /ZnSe/ZnSe0.5 S0.5 /ZnS heterostructured nanocrystals. The heterostructured QDs
were synthesized via a hot injection method in ODE, using TOP to reduce Se powder. The
ZnSe1 – x Tex cores were synthesized first, using a variable feed ratio to adjust the alloying
content. Subsequent layers were overcoated by continued hot-injection of additional zinc
and chalcogenide precursors. Next, the QDs were assembled into a QLED, by spin-coating

9
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Figure 1.8: PL spectra and structural schematics for ZnSe1 – x Tex /ZnSe
/ZnSe0.5 S0.5 /ZnS QDs. Source: [23]

layers onto an ITO glass substrate. The heterostructured QDs were used as the emissive
layer (EML). An additional layer of ZnMgO nanoparticles functioned as an electron transport layer (ETL). The cathode was a 100 nm-thick Al layer. Figure 1.8 portrays a visual
schematic of the QDs, the QLED assembly, and the PL peak shift due to Te alloying.. The
QLED demonstrated maximum luminance at 7 V. The PLQY was 80%, and the external
quantum efficiency was 7.6%, a comparatively high value [23].

1.3

Optical Properties of Quantum Dots

Quantum dots possess unique optoelectronic properties, based upon energy transitions
within the material. In QDs, there exist both radiative and non-radiative energy transitions.
In radiative transitions, photons are emitted, whereas non-radiative transitions do not emit
photons. Non-radiative transitions reduce the efficiency of light emission, and are undesirable for most optical applications. QDs can emit light in two types of radiative transitions:
10

Cleared for Public Release:
Case Number: AFRL-2021-1721

band-edge emission and defect emission. In band-edge emission, light is emitted when an
excited electron in the conduction band recombines with a hole located in the valence band
[1]. In defect emissions, light is emitted from impurity or activator states located within the
bandgap [1, 11].
The absorption and luminescence of QDs are based upon their energy transition behavior. In absorption, external photons interact with nanoparticles and are absorbed. This
promotes electrons to a higher energy state (i.e, the conduction band) and leaves holes behind (in the valence band). Electron-hole pairs are commonly referred to as excitons. In
luminescence, an excited electron decays to a lower energy level, emitting a photon. For
band-edge emissions, both absorption and luminescence are affected by the band gap.

1.3.1

Bandgap Effects

The electronic bandgap, Eg , is the energy difference between an atom’s valence (low energy) band, and the conduction (higher energy) band. For electrons to conduct freely outside of the atom, they must exist within the conduction band. Due to their quantized nature,
electrons can only change bands through discrete energy transitions, such as absorption or
emission of a photon. For extremely small particles, the energy required for absorption or
emission changes with radius.
As particle size approaches the Bohr radius, excitons are confined within the particle,
in a process known as quantum confinement. Quantum confinement occurs in weak, intermediate, and strong regions; strong quantum confinement occurs when r is less than the
Bohr exciton, Bohr electron, and Bohr hole radii [57]. For a given material, abohr is given
by
abohr = ε

me
a0
µex

(1.2)

where abohr is the Bohr exciton radius, a0 is the atomic bohr radius constant (0.053 nm), ε
is the dielectric constant, me is the electron mass, and µex is the reduced mass [57]. The
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Figure 1.9: Size-dependent bandgap of ZnSe QDs

reduced mass is given by
1
1
1
= ∗+ ∗
µex
me mh

(1.3)

where m∗e and m∗h are the reduced masses of an electron and hole. Quantum confinement
can also occur in 1D and 2D nanomaterials, such as thin-layer MoS2 or WS2 [57].
A notable result of quantum confinement is the discretization of energy states: when
the particle size is reduced below the Bohr radius, abohr , the exciton energy states are blueshifted (w.r.t the bulk) and the continuous density of states becomes a set of discrete electronic states [58]. A subsequent result is that the bandgap is dependent upon QD particle
size [58]. According to the effective mass approximation, Eg (r) can be given by the Brus
equation
Eg (r) = Eg bulk +

1
1.8e2
~2 π 2 1
(
+
)
−
2r2 m∗e m∗h
4πεr

(1.4)

where r is the radius of the quantum dot and Egbulk is the bandgap of the bulk material [53].
Figure 1.9 shows the size-dependent bandgap for a zinc selenide (ZnSe) quantum dot.
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Figure 1.10: Schematic of band-edge and dopant emission. Source: [59]

1.3.2

Effect of Doping

In addition to band-edge emission, QDs can also emit light through defect emissions,
where photons are emitted from impurity or activator states within the bandgap [1, 11].
Figure 1.10 shows a schematic of QD band levels and energy states. The blue emission
corresponds to band-edge emission, while the green and orange emissions correspond to
defect emissions. The combination of size confinement and dopant introduction can produce behavior widely differing from bulk materials [58]. Introducing an element with
different energy levels can produce fluorescence at new wavelengths. For example, doping ZnSe/ZnS QDs with Mn2+ can lead to yellow-orange emission at 595 nm based upon
the Mn( ( 4T1 – 6A1 ) energy transition [14]. Since dopant emissions can differ significantly
from the host emission wavelength, doping with metal ions is a common method to alter
the luminescence properties of QDs. Figure 1.11 shows the variation in PL spectra, PLQY,
and emission color for varying amounts of a Mn dopant in ZnSe/ZnS QDs. Notably, where
ZnSe/ZnS QDs have a pure blue emission at ∼ 425 nm, the Mn-doped QDs have orange-red
13
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Figure 1.11: Effect of Mn2+ doping on PL of ZnSe QDs. Source: [14]. (a) shows PL spectra
for varying dopant levels, (b) shows the PLQY at varying Mn/Se ratios, and (c) shows the
change in color as the Mn/Se ratio is varied.

emissions near ∼ 600 nm. Additionally, adding dopants to QDs can improve the photoluminescence liftime–a measure of how long a QD will emit light [58].
However, not all defect-based energy states are useful. The high concentration of
surface energy levels on the outer surface of the QD traps excitons and charge carriers [1],
which is a significant detriment to luminescence efficiency. To reduce trap energy states
and to improve chemical stability, it is common to passivate the QD surface with a capping
ligand, a thin protective shell, or both.

1.3.3

Surface Treatment of Quantum Dots

In crystalline materials, the free energy of a surface Gs associated with an unbonded surface
is proportional to the surface area, i.e. Gs = γA. In general, QDs exist as close-to14
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spherical particles, as a spherical shape minimizes A for a given volume. However, at
nanometer scales, even spheres have an exceedingly high surface to volume ratio: a 5
micron particle has a S/V ratio of 6 ∗ 105 ; for a 5 nm particle, S/V increases to 6 ∗ 108 .
As a result, the surface of a quantum dot is highly unstable. By slightly increasing volume,
the relative surface area is significantly decreased. If left unchecked, nanocrystals tend
to grow quickly during synthesis, surpassing the Bohr radius. This results in a loss of
optical properties. It is necessary, therefore, to control the particle size and polydispersity
of the particle size distribution. Moreover, in semiconducting QDs, the surface atoms are
ionic, creating electronic trap states. To produce high-quality QDs, the nanocrystals must
be stable in solution and have minimal surface defects. In general, this is accomplished
through a combination of two methods: binding an organic ligand onto the QD surface
and/or applying a thin shell to modify chemical and optoelectronic properties.

Passivisation with organic ligands
Perhaps the single most common feature of solution-synthesized QDs is the presence of a
capping agent, an organic ligand that preferentially bonds to the QD surface. While not all
QDs include inorganic thin-shell coatings, virtually all solution-based QDs are synthesized
in the presence of some active ligand. In general, non-liquid methods are incompatible with
the addition of a capping agent. The choice of capping agent depends upon the synthesis
method and desired application. The capping agent must be soluble in the host solvent,
so ligands used in organic synthesis differ from those used in aqueous synthesis. A good
ligand will slow/cease growth of the QD ensemble, yet still allow for post-synthesis modification, such as doping or addition of shell layers around the QDs.
For aqueous semiconducting QDs, thiols (R-S) are the most common ligand [58].
Common ligands include 3-mercaptopropionic acid (MPA)[60, 61], thioglycolic acid (TGA)
[47, 62], glutathione (GSH) [56, 63], and N-acetyl-L-cystene (NAC) [55, 64, 65]. Ligand
exchange with silane coupling agents, such as 3-mercaptopropyl (trimethoxysilane) (MPS),
15
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polyvinyl pyrrolidone (PVP), and 3-aminopropyl (trimethoxysilane), is also common when
silica shells are grown over aqueous QDs [43, 66–68]. Notably, polar surface ligands ensure that aqueous QDs are colloidally stable by means of electrostatic repulsion [58].
Common organic-solvent ligands can be classified as X-Type or L-Type. X-Type ligands include amines, phosphines, and phosphine oxides, whereas L-Type ligands include
thiolates, carboxylates, and phosphonates [69]. For QDs synthesized in organic solution,
it is common for the solvent to dually act as solvent and ligand. Examples include trioctylphosphine oxide (TOPO), oleylamine(OLA), and hexadecylamine (HDA) [70]. Figure 1.12 shows common aqueous and organic capping agents. A properly-selected capping
agent is the best method to arrest nanoparticle growth. However, additional methods exist
to passivate surface defects, such as addition of a thin shell around the QD core.

Passivisation with inorganic shells
One of the most common QD modification techniques is the application of a shell around
a QD core. Application of a shell can improve PLQY, alter luminescence properties, and
improve stability and lifetime of the QD. The common notation for coated nanoparticles
is “core/shell” or “core@shell”. The former will be used throughout this work. Some
common core/shell (C/S) combinations include CdSe/CdS, CdSe/ZnS, CdSe/SiO2 [40],
and ZnSe/ZnS [72–74]. Core/shell QDs have also been studied with multiple shell layers.
In general, C/S QDs are classified into three categories: Type I, Type I-Reverse, and
Type II. Table 1.2 shows a comparison between core/shell archetypes. In Type I C/S QDs,
both the electron and hole are confined within the core, due to the larger shell bandgap.
Notably, Type I cores passivate surface defect states, but only slightly redshift the emission
wavelength [58]. This makes Type 1 C/S QDs highly desirable for improved PL lifetime.
In Type 1-Reverse C/S QDs, the electron and hole are partially delocalized, and the emission bandgap can be tuned by adjusting the shell thickness [75]. In Type II C/S QDs, the
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Figure 1.12: Common capping agents used in solution-based QD synthesis. Source: [71]
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Type

Bandgap Arrangement Effect

I
Eg,shell > Eg,core
I-Reverse Eg,shell < Eg,core
II
Eg staggered

e – , h+ confined to core
e – , h+ partially confined, dependent on thickness
e – and h+ separated

Table 1.2: Types of semiconducting core/shell arrangements

core and shell bands are staggered, separating the electron and the hole. Adjusting the offset between core and shell bandgap can tune PL over a wide wavelength range [58]. PL
properties can also be affected by lattice strain.
In C/S QDs, thick shells can create misfit dislocations in the crystal, which serve as
sites for non-radiative recombination, reducing PLQY [1]. These misfit dislocations occur
at a critical shell thickness due to lattice strain [11]. As a result, a thicker shell does not
equal improved performance. Rather, it is a combination of shell thickness and quality that
tunes emission and improves PLQY. In order to avoid dislocations, it is highly valuable
to have the same crystal structure and similar lattice parameters [75]. Figure 1.13 is a
schematic of the effect of particle size, material, composition, and strain on the bandgap
and emission wavelength. Addition of a compressive shell shifts conduction and valence
bands to a higher energy, and vice-versa for a tensile shell [11]. Semiconducting shells
are the most common for semiconducting QDs, but amorphous silica shells have also been
investigated in a number of articles for improved stability and biological applications [41,
76]

1.4

Synthesis of Quantum Dots

Nanoparticles have been synthesized via a large number of methods. In general, most
methods can be generally grouped into either deposition-based or solution-based methods.
Deposition-based methods include Atomic Layer Deposition (ALD) and Molecular Beam

18
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Figure 1.13: Bandgap schematic of core/shell QDs. Source:[11]
Epitaxy (MBE). These methods offer superb control over particle formation, but require
expensive equipment, and are thus less common in the field. In solution-based methods,
nucleation and growth occur within an aqueous or organic solution as precursor compounds
and/or solutions are mixed. These solutions may occur in a single step or multiple steps.
Today, popular solution-based methods include hot-injection, heating-up, reverse micelles,
and colloidal synthesis. It should be noted that nomenclature used for QD synthesis varies
within the field, and chemically equivalent methods may be reported under different names
in the literature.
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1.4.1

The Hot-Injection Method

The hot-injection method is a procedure for synthesizing high-quality semiconducting nanocrystals by burst nucleation at high temperatures (ca. 300 °C). In this technique, non-ionic
precursors are dissolved in high-boiling point solvents. Although experimental details vary
from report to report, the hot-injection method generally includes the following steps [77–
80]:
1. Disperse precursors into two solutions, using organic, high boiling point solvents.
2. Heat one solution to a moderately high temperature (ca. 300°C).
3. Rapidly inject the lower-temperature solution into the high-temperature solution.
4. Lower temperature and allow crystal growth to continue
Typical hot-injection syntheses uses organometallic, sometimes pyrophoric compounds.
For example, in the hot-injection synthesis of ZnSe, early works used diethylzinc as a precursor [81]. Later works used zinc stearate as a replacement which, though organometallic,
is non-pyrophoric. Other studies have used non-organic cation precursors, such as metal
chlorides[79]. Early synthesis methods used trioctylphosphine (TOP) and trioctylphosphine oxide (TOPO) as solvents. For example, TOPO can function both as solvent and as
capping agent [53], making it a popular choice. However, TOPO binds extremely strongly
to Zn, which can be undesirable; this makes solvents such as hexadecylamine (HDA) viable alternatives [53]. Additionally, octadecene (ODE) and oleylamine (OLA) have become popular non-phosphine alternative solvents, which double as reducing agents [79].
In Step 3, crystal nucleation occurs rapidly. When the temperature is lowered, additional
nucleation is prevented, leading to high-quality, monodisperse QDs [78].
However, the hot-injection method is not without downsides. If organometallic precursors are used, significant care is needed in synthesis, especially for pyrophoric reagents.
High reaction temperatures may also be undesirable. Additionally, if water solubility is
20
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desired, post-synthesis ligand exchange is required. Perhaps its greatest drawback, the hotinjection method is very limited in scalability. The hot-injection method requires rapid
injection of precursors, followed by rapid cooling to prevent additional nucleation; both
are impractical for large production volumes [82].

1.4.2

The Heat-Up Method

The heat-up method is an alternative method to the hot-injection method. Much like hotinjection, nanocrystals are formed by thermal decomposition of reactants and thermodynamic nucleation and growth of nanocrystals. Although the hot-injection scales poorly
with reaction volume, the heat-up method is easily scalable. Heat-up synthesis typically
includes the following steps[83–85]:
1. Mix all precursors in organic, high boiling point solvents
2. Rapidly heat the mixture to nucleate crystals
3. Continue heating the mixture for the desired growth time
Typically, heat-up syntheses use similar reactants to hot-injection. Moreover, heat-up synthesis has similar maximum temperatures. The primary difference is that, in heat-up synthesis, reactants are homogeneously mixed before heating. This greatly simplifies synthesis, and allows for facile scaling of production volume, since rapid precursor injection is
no longer an issue. However, because the solution is heated, care must be taken to ensure
nucleation remains rapid and particles remain monodisperse [82]. For heat-up syntheses,
the particle diameter is sensitive to the heating rate: at low heating rates, the particle size is
smaller, but as the heating rate is increased, particle size increases [82].
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Figure 1.14: Schematic of particle size and growth rate for heat-up QD synthesis. The
upper panel lists the supersaturation (S) and precursor concentration (P). The middle panel
lists the growth rate (dN/dt) and the QD concentration ([NCs]). The lower panel lists the
average particle size (< r >) and the standard deviation (SD). Source: [82].

1.4.3

Reverse Micelles

Another common synthesis method for semiconducting quantum dots is reverse micelles/microemulsions. The reverse micelle method is facile, low temperature, and avoids organometallic precursors entirely. A typical synthesis includes the following steps [86–91]:
1. Create a cation-containing microemulsion using a metal salt, a surfactant, a small
volume of water, and a large volume of a nonaqueous solvent
2. Create a anion-containing microemulsion using a reduced chalcogenide, a surfactant,
a small volume of water, and a large volume of a nonaqueous solvent
22
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3. Vigorously mix the cation and anion microemul sions and heat to desired temperature
Typical synthesis temperatures for reverse micelle synthesis range from RT to 120°C[86–
91].

1.4.4

Colloidal Synthesis

Colloidal synthesis provides a simple, facile method for producing doped and structured
nanoparticles. In colloidal synthesis methods, anionic and cationic aqueous solutions are
mixed to precipitate QDs. A water-soluble capping agent is required, both to arrest growth
and to passivate the surface. In general, colloidal synthesis of binary semiconducting QDs
includes the following steps [9, 47, 48, 92]:
1. Form a cationic solution by mixing a metal salt and capping agent in water. Common
salts include metal acetates, chlorides, and nitrates. Typically the cation solution is
basic.
2. Form an anionic chalcogenide solution by mixing a chalcogenide powder and a reducing agent, such as NaBH4 in water.
3. Mix the cationic and anionic precursor solutions
4. Stir and heat the final solution for the desired time
In general, some type of metallic salt, such as zinc acetate, is used as a cation source.
A purified powder is often used as an anion source, which is reduced via exposure to
a reducing agent, such as hydrazine or sodium borohydride. When mixed, the cationic
and anionic precursors will form ionic bonds, quickly forming growing crystalline nuclei.
Aqueous synthesis does not require toxic or costly solvents, and has become extremely
common in semiconductor and metal QD synthesis. However, colloidal QDs tend toward
low PLQY (<30%), and tend to lose PL intensity over time. Aqueous synthesis carries
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numerous complicating factors, such as pH, temperature, and choice of reactants. For
example, OH – ions have a high binding affinity toward Zn2+ , so in high-pH reactions,
Zn(OH)2 may form undesirably alongside ZnSe [48]. In general, pairs of “hard” or “soft”
acids/bases are likely to precipitate in aqueous solution, rather than remain in an ionic state
[58].

1.5

Quantum Dots in Glasses

Dispersal of high-quality quantum dots in optical classes is a promising field. A glass-QD
composite will have mechanical strength and corrosion resistance, and the glass will also
prevent QDs from dissolving or aggregating further [93]. Optical QD glasses have a wide
variety of applications, including solid-state lighting, optical data storage, smart windows,
and radiation detection [94]. For example, in 2011, Stalmonshak et al produced a metalglass optical storage device with soda-lime glass and silver nanoparticles, using a meltquenching method. Data was written to the device by using lasers of varied polarizations.
The device showed no data loss after eleven years of storage [95].
In general, two methods exist for creating QD-doped glasses: creating QDs within
the glass during synthesis (in-situ) and introducing pre-prepared QDs into the glass before
solidification (ex-situ). The most common in-situ method is glass-melt quenching. Three
common methods exist for ex-situ doping: sol-gel doping, glass powder doping, and glassmelt doping [94]. Figure 1.16 shows a schematic comparison between these four methods.
In glass-melt quenching, precursor atoms are dispersed in a glass melt, and rapid
cooling forces the nucleation of small quantum dots [93, 96, 97]. This process is notably
popular for lead-based quantum dots [98–100], but has also been reported for ZnTe [101,
102] and other materials. Glass-melt quenching leads to a homogeneous dispersion of
QDs, avoid air-bubbles in the glass, and leads to a low scattering loss [94]. However, it is
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Figure 1.15: Optical data storage on a QD-glass nanocomposite. Source: [95]. (a) is taken
with a single polarizer. (b-d) are taken with two polarizers. Blue arrows indicate polarizer
direction
impossible to synthesize core/shell nanoparticles via glass-melt doping.
As a result, ex-situ methods are promising for including pre-synthesized heterostructured quantum dots. In sol-gel doping, ligand-capped QDs are mixed into a homogeneous
liquid sol, which is dried onto a substrate[94]. Sol-gel doping can produce a wide varity
of nanocomposites, and does not require high temperatures. However, sol-gel composites
can require months to cure [103]. In glass-powder doping, pre-synthesized QDs are mixed
into a fine glass powder and homogenized, before subsequent heating and casting [94].
In glass-melt doping, the glass matrix is melted at high temperature, and then cooled to
an intermediate (doping) temperature, where the QDs are introduced into the melt before
casting [94]. The benefit of glass-melt doping is that QDs are added while viscosity is
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still low enough for homogenization, but temperature is lower than required for melt formation. However, QDs must still be able to survive the doping temperature for successful
incorporation into the glass matrix.

Figure 1.16: Methods for doping optically active nanoparticles (OANPs) into glasses. a)
Glass-melt quenching. b) Sol-gel doping. c) Glass powder doping. d) Glass-melt doping.
Source: [94]
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1.6

Objectives and Outline

1.6.1

Research Objectives

ZnSe QDs are a promising material for optical glass incorporation. However, to date, only
a handful of ZnSe-doped glasses have been reported in the literature. The objective of this
work is the synthesis and characterization of ZnSe QDs with a protective amorphous oxide
shell towards successful incorporation into a glass matrix.
To synthesize high-quality QDs, a solution method is required. The hot-injection
method, despite its ability to synthesize high-quality, monodisperse QDs, is costly, complex, and difficult to scale to large production volumes. Heating-up methods can be scaled
to larger volumes, but still require organic solvents. Aqueous colloidal synthesis, however,
is facile, low-cost, and can be scaled to large production volumes. As such, aqueous methods have been selected for this work. In order to incorporate QDs into a glass matrix, a
compatible outer shell is highly desirable. Alumina and silica coatings, by nature, can both
easily be incorporated into a vitreous matrix and have been selected for this reason.

1.6.2

Thesis Outline

Chapter 2 of this work presents current advances in the colloidal synthesis and applications
of quantum dots. Primary topics include: aqueous synthesis of QDs; properties of ZnSe
QDs (undoped, doped, and core/shell), and silica/alumina coating of colloidal QDs.
Chapter 3 of this work covers standard experimental procedure and characterization
methods. The general aqueous ZnSe synthesis procedure, silica coating procedure, and
alumina coating procedure are detailed. Additionally, Chapter 3 includes a brief overview
of the material characterization methods used in this study, including X-Ray Diffraction
(XRD), Electron Microscopy (EM), and UV-Vis Spectroscopy.
Chapter 4 of this work presents a series of experiments designed to produce silica and
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alumina coated ZnSe QDs. Additional experimental details, such as deviations from the
general procedure, are provided on an experiment-by-experiment basis in Chapter 4. The
effect of various dopants (Cu2+ , Cr3+ , Mn2+ , Fe2+ ) on UV-Vis spectra is also studied.
Chapter 5 presents conclusions, a summary, and a future outlook from this work.
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Progress in Quantum Dot Research

2.1

Early QD Synthesis

Research into aqueous synthesis of quantum dots began in the late 1980s [58]. Most early
research was focused upon toxic compounds, such as Cd, Hg, or Pb. In 1987, Spanhel et
al reported an aqueous synthesis of CdS nanoparticles with a narrow particle size distribution (PSD) and diameters ranging between 4 and 6 nm. The particles were synthesised by
mixing cadmium perchlorate and sodium hexametaphosphate with gaseous hydrogen sulfide. Na2 B4 O7 and NaOH were used to control the solution pH. The authors reported that
control of solution pH was crucial in formation of CdS nanoparticles with a narrow PSD.
The reported quantum yield was sub-1% [8]
Eychmüller et al reported a wet chemical route for creation of CdS/HgS/CdS core/shell/shell quantum dots in 1993. CdS cores were synthesised by mixing Cd(ClO4 )2 and sodium
polyphosphate with H2 S. To form the middle shell, Hg(ClO4 )2 was added to the solution,
under H2 S gas. Likewise, additional Cd(ClO4 )2 was added to form the outermost shell. By
varying parameters, the authors were able to vary the mean particle diameter, ranging from
5.2 to 8.0 nm. Notably, this work coined the term “Quantum Dot Quantum Well (QDQW),”
referring to the confinement of charge carriers(a quantum well) within the coated quantum
dot [104].
The first aqueous synthesis of colloidal ZnSe was first reported by Shavel et al, in
2004. In aqueous solution, Zn(ClO4 )2 was mixed with a thiol capping agent. The authors
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tested thioglycerol(TG), TGA, and MPA. Solution pH was adjusted with NaOH. For TGA
and MPA, the pH was 6.5; for TG, the pH was 11.2-11.8. A three-necked flask was used
to deaerate the solution with N2 gas. Subsequently, H2 Se gas was used as a reduced selenium source. Finally, the solution was refluxed at 100 °C under open air and subsequently
irradiated under a xenon lamp. A low-energy shift was observed in the particle absorption
spectra, which the authors attributed to growth of the QDs. For all capping agents, the
authors reported increased PL efficiency due to treatment. The authors found that phototreatment of the QDs increased the PLQY into the range of 25-30%. When capped with
TGA and irradiated, XRD spectra showed a slight peak shift from ZnSe to ZnS, indicating
formation of alloyed ZnSe(S) QDs or a ZnS shell. The authors attributed the sulphur source
to decomposition of the TGA in solution [9].

2.2

Zinc Selenide Quantum Dots

After the pioneering work of Shavel et al, aqueous colloidal synthesis of ZnSe has risen
greatly in popularity, and has been published in numerous articles. Table 2.1 compares
synthesis parameters for a number colloidal ZnSe QDs. A review of published investigations of these QDs is conducted below, focusing on doped ZnSe QDs, core/shell ZnSe QDs,
and combined core/shell doped ZnSe QDs.
Hong et al synthesized ZnSe nanoparticles with varied reactant ratios. A NaHSe solution was prepared by reacting Se powder with NaBH4 (1:2 molar ratio) in an ice bath. A
cationic Zn2+ solution was prepared by mixing zinc acetate with TGA in deionized water.
The solutions were mixed in varying volume ratios at room temperature (Zn/Se = 0.6 to
1.1). Average particle size was estimated from UV-Vis Spectroscopy. Figure 2.1 shows the
UV-Vis spectrum for selected particle sizes. The authors found that varying the Zn:Se ratio
significantly affected particle size. The smallest particles had a 6 nm diameter, at a 1.1:1
Zn:Se volume ratio. The largest particles hat a 16 nm diameter, at a 0.6:1 Zn:Se volume
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Table 2.1: Aqueous Synthesis Parameters of ZnSe QDs
Structure
ZnSe
ZnSe
ZnSe
ZnSe

ZnSe
ZnSe
ZnSe
ZnSe
ZnSe
ZnSe(S)
ZnSe(S)
ZnSe(S):Cu
ZnSe(S):Fe/ZnSe(S)
ZnSe/ZnS
ZnSe/ZnS
ZnSe/ZnS
ZnSe/ZnS
ZnSe/ZnS
ZnSe/ZnS
ZnSe/ZnS
ZnSe/ZnS
ZnSe:Cu
ZnSe:Cu
ZnSe:Cu/ZnS
ZnSe:Fe
ZnSe:Mn
ZnSe:Mn/Cu:ZnS
ZnSe:Mn/ZnO
ZnSe:Mn/ZnS

ZnSe:Mn/ZnS
ZnSe:Mn/ZnS

Capping
Agent

T

pH

GSH
Extran
TGA
MPA,
MAA,
TGC,
MPTMS
MPA,
TGA, TLA
NAC
NAC
TGA,
MPA, TG
NAC
NAC
MPA
MPA
NAC
TGA
GSH
GSH
GSH
MPA,
TGA, GSH
TGA
TGA
GSH
MPA
MPA
MPA
TGA
MPA
MPA
TG
TGA,
MHA,
MSA,NAC
MPA
MPA

90
25
25
95

8,11
10, 12

100

11.9

100
MW
100

Zn:Se:Ligand

Ref

1: 0.4: 1.2

[56]
[105]
[47]
[106]

1.1: 1: 1.1

1: 0.25 : 1.2

[48]

11
6
6.5, 11.2

1: 0.5: 4
1: 0.3: 2.4
1:0.2 : 2

[107]
[65]
[9]

130
135
96
100

10.15
11.9
12
12

1: 0.1: 3
1: 0.1: 3
1: 0.2: 3.4
1: 0.04: 3.3

MW
90
95
100
90

9
11.5
10.5
10.5
11.5

1: 9.86:
1: 0.4:
1: 0.1:
1: 0.25:
1: 0.4:

0.24
1.2
1.6
1.25
1.2

[64]
[108]
[109]
[60]
[55]
[110]
[111]
[63]
[31]
[112]

90
100
90
100
100
100
100
100
100
100
100

8.5
11
10.5-12
11.5
11.2
11.2
10
11
9.3
9.5
10.3

1: 0.125: 1.2
1: 0.5: 2.5
1: 0.4: 1.2
1: 0.2: 2
1: 0.2: 12
1: 0.2: 4
1: 0.25: 1.5
1: 0.9:
1: 0.5: 14
1: 0.9: 4
1: 0.9: 20

[72]
[113]
[114]
[115]
[92]
[116]
[62]
[117]
[118]
[119]
[120]

90

6.5
7.3,12.3

1: 1.05: 9.5
1: 0.25: 1, 1: 0.25: 2

[121]
[73]
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Figure 2.1: Absorbance and bandgap energy for ZnSe QDs with varying Zn/Se ratio.
Source: [47]

ratio. TEM imaging revealed that the particles were not monodisperse [47].
Jiang et al investigated the effect of capping agent on QD growth rates, comparing
TGA, MPA, methyl thioglycolate (MTG), and thiolactic acid (TLA). The QDs were synthesized using zinc nitrate in N2 -saturated water, with a pH of 11.9. The solution was
heated to 100 °C, and samples were withdrawn at 10 minute intervals. The bandgap was
estimated from UV-Vis spectroscopy, which enabled the use of the effective mass approximation to estimate particle size (Eq 1.4). The authors found that MPA-capped quantum
dots grew slowest, and TGA-capped QDs grew fastest. Additionally, they observed that the
surface binding strength varied between ligands: TGA had the lowest affinity, and MPA
had the highest [48].
Soheyli et al synthesized ZnSe QDs using N-acetyl-L-cysteine (NAC), a highly biocompatible ligand, as a capping agent. The QDs were synthesized by mixing zinc acetate
in DIW with NAC. An NaHSe solution was prepared by mixing NaBH4 and Se powder
in ethanol. The NaHSe solution was stirred for one hour, and then mixed into the zinc
cation solution. The mixture was stirred 15 minutes then heated to 130 °C and refluxed for
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another 20 minutes. The Zn:NAC:Se ratio was 1:3:0.1. The authors used three methods
to size the QDs, with results varying slightly. UV-Vis spectroscopy estimated a particle
size of 4.6 nm; XRD placed the size at 4 nm; and TEM placed the average size at 4.8 nm.
From XRD, the dislocation density of the crystal was estimated at 0.035 (nm) – 2 . Additionally, the NAC-capped QDs showed very little decay in PL intensity when stored for seven
months [64].
Qin et al synthesized NAC-capped ZnSe QDs using Na2 SeO3 as a selenium source. A
zinc precursor solution was prepared by reacting ZnSO4 (10 mL, 0.1 M) and NAC (10 mL,
0.4 M). The pH was adjusted to 11 with dropwise addition of NaOH. The reaction vessel
was purged with N2 gas. The mixture was heated to 100 °C, and then Na2 SeO3 (10 mL, 0.5
M) was added. The Zn:Se:NAC ratio was 1:0.5:4. XRD results showed that the ZnSe QDs
had a cubic crystal structure. TEM measurements reported a wide particle size distribution,
ranging between 2 and 10 nm, with a larger portion less than 5 nm. The authors also
investigated varying solution pH between 5.53 and 10.55. At higher pH, the PL intensity
was significantly increased, and the UV-Vis spectrum showed a vaguely detectable redshift. The authors attribute the improved PL intensity to the capping agent. At higher pH,
the thiol groups (R-S) of NAC have a higher reduction reaction rate which reduces surface
defects. Additionally, the carboxyl (R-COOH) groups self-repel, preventing aggregation of
the QD ensemble [107].

Figure 2.2: Effect of ligand selection on ZnSe growth rate and particle size. Source: [48].
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Figure 2.3: UV-Vis Spectra for ZnSe QDs synthesized via W/O microemulsion. Source:
[122]

Yang et al synthesized ZnSe QDs via a water/oil reverse microemulsion method. Two
precursor solutions were prepared. NaHSe was synthesized by reducing NaBH4 under N2
gas for 20 min. A zinc precursor solution was prepared by dissolving zinc acetate dihydrate in water. Each precursor solution was mixed with Triton X-100 as a surfactant and
isopropanol as a cosurfactant. Cyclohexane was used as the oil phase. The two microemulsions were mixed and heated to 90 °C. The mixture was stirred for 5 hours. The authors
investigated the effects of varying water:oil (W0 ) and isopropanol:Triton X-100 (P0 ). Figure 2.3 shows UV-Vis spectra for varying W0 and P0 values. XRD spectra indicated the
resultant nanoparticles had a cubic zinc blende structure. The authors found that a higher
W0 improved the crystallinity of the nanocrystals. Variation of P0 had significant effect on
particle size: as P0 increased, the particle size decreased, resulting in a blue-shift of both
exciton absorption and band edge emission [122].
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Figure 2.4: Absorbance Spectra for iron-cobalt co-doped ZnSe QDs; Source: [123]

2.2.1

Doped ZnSe Quantum Dots

Doping of quantum dots is among the most promising methods for controlling absorption
and luminescence phenomena. Shi et al synthesized Iron and Cobalt co-doped ZnSe quantum dots with a cubic sphalerite structure, and a particle size of 15 nm. Dopant concentrations varied between 0.3% and 3%. Introduction of both Iron and Cobalt produced defect
emissions at 4648 nm (Co2+ : 4T1 (F) −−→ 4T2 ) and 4273 nm (Fe2+ : 5T2 (D) −−→ 5E (D)
). Figure 2.4 shows the absorption spectra for the co-doped QDs. For 3% cobalt doping, additional iron doping was shown to decrease the bandgap. These mid-infrared (MIR)
transitions are of particular interest for laser materials [123].
Cooper et al synthesized Cu-doped ZnSe quantum dots, with Al3+ , Ga3+ , and In3+
codopants. The nanoparticles were synthesized via an organic method, using a customized
capping ligand. A ZnS shell was added to passivate the surface. Notably, neither the

35

Cleared for Public Release:
Case Number: AFRL-2021-1721

Figure 2.5: Relationship between temperature and PL intensity for Cu+ co-doped ZnSe.
Source: [46]

main dopant Cu+ , nor the co-dopants significantly was observed to significantly alter the
absorption spectrum. However, significant changes were observed in the photoluminescent
behavior. The authors also investigated the effect of temperature on PL intensity. Figure
2.5 shows the relationship between PL intensity and temperature [46].
Wu et al synthesized Cu-doped ZnSe nanoparticles in aqueous solution, using TGA as
a capping agent. The zinc cation solution was prepared with zinc acetate dihydrate, under
N2 gas flow. Cupric acetate was added as a dopant (Zn:Cu = 100:1). A NaHSe solution was
prepared with 0.2 mmol NaBH4 and 0.1 mmol Se. The solution was refluxed for 90 minutes
at 120 °C, then immediately cooled by placing the reaction vessel in an ice bath. A series
of samples was synthesized to investigate the effects of dopant concentration, reaction temperature, and pH. Figure 2.6 shows the PL spectra and peaks. PL spectra revealed that the
dopant concentration had significant effects on both PL intensity and the PL peak location.
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Figure 2.6: Effect of pH, Temperature, and Cu concentration on ZnSe QDs. Source: [124]

When reaction temperature was increased from 80 to 90 °C, the authors reported a large
increase in PL intensity; this was attributed to lattice diffusion of the dopant atoms. The
authors also hypothesized that the increased temperature provided a better growth environment for rapid nanoparticle growth. A sample with 1% Cu, pH 9, temperature 90 °C, and
2 hour reaction time was studied under HRTEM. HRTEM showed that the average particle
size was 3.0. Dynamic Light Scattering (DLS) and UV-Vis spectroscopy results closely
agreed with HRTEM particle sizing. The authors also tested a ZnSe thin film. The thin film
was created by mixing ZnSe QDs with polyvinyl pyrrolidone, which was deposited on a
substrate and annealed for 15 minutes at 60 °C. The resultant thin film showed a slight PL
peak shift (to 513 nm), which the authors attributed to the arrangement of the QDs within
the film and the effect of annealing on the resonance energy transfer [124].
Huy et al synthesized ZnSe QDs with a variety of dopants and capping agents. A
NaHSe solution was prepared with NaBH4 and selenium powder at room temperature.
A zinc precursor solution was made by mixing zinc nitrate with the selected capping
agent (1:4 molar ratio). The selected dopant was mixed into the zinc solution. Capping
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(a) Effect of capping agent and dopant on PL
intensity

(b) PL spectra of doped and undoped ZnSe QDs

Figure 2.7: Co, Ni, Ti, and Cr doping of ZnSe QDs. Source: [106]

agents included mercaptoacetic acid (MAA, aka TGA), MPA, thioglycerol (TGC), and
(3-mercaptopropyl) trimethoxysilane (MPTMS, aka MPS). The zinc and NaHSe solutions
were mixed and stirred between 0.1 and 60 minutes at temperatures ranging between 2595°C. Changing the Zn:Se ratio affected the PL intensity, with a maximum intensity at a 4:1
ratio, but sharply decreasing at an 8:1 ratio. As reaction temperature was raised from 25 to
95 °C, the PL intensity greatly increased. This was attributed to either surface passivation
of defects, or formation of a ZnS shell via thermal decomposition of the – SH groups from
the capping agent. Figure 2.7a shows the variation in PL intensity between the selected
capping agents and dopants. Figure 2.7b shows the PL spectrum for doped and undoped
QDs. Notably, MPA and MAA/TGA showed the highest PL intensity. For MAA-capped
QDs, Cr3+ and Ti3+ showed the highest PLQY. For the MPA-capped QDs, Cr3+ and Ni2+
showed the highest PLQY [106].

2.2.2

Core/Shell ZnSe Quantum Dots

Zhong et al synthesized ZnSe/CdSe nanocrystals in an organic solvent. Octadecylamine
was heated under Ar to 310 °C. 0.3 mmol of Se was dissolved in 2 mL of trioctylphosphine
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Figure 2.8: UV-Vis and PL spectra for ZnSe/CdSe QDs as a function of CdSe shell thickness. Shell thickness increases from a) (0 layers) to h) (6 layers of CdSe). Source: [125]

(TOP) and added to the octadecylamine. Next, 0.3 mmol of ZnEt2 was dissolved in TOP (1
mL) and injected. The final solution was diluted by adding octadecene (ODE) before solidification. The average ZnSe core size was 2.8 nm, and the core emission wavelength was
nanocomposite 375 nm. CdSe shells were overcoated, monolayer by monolayer, by mixing
ZnSe cores, ODE, and oleyamine at 230 °C. Subsequently, CdO and oleic acid were dissolved in ODE and injected dropwise into the ZnSe/ODE/oleyamine solution. XRD spectra
showed a shift based upon the thickness of the CdSe shell. For thin shells, a cubic lattice
pattern was observed. As more CdSe layers were added, XRD peaks shifted, showing a
wurtzite structure. The PLQY of the coated QDs was dependent upon the coating thickness. Figure 2.8 shows the impact of shell thickness on optical spectra. The ZnSe cores had
a PLQY of 40%, while ZnSe/CdSe particles with 1-3 monolayers had a PLQY at ∼85%.
If thickness was increased above 3 monolayers, the PLQY was reduced [125].
Ma et al investigated the optimal synthesis conditions for ZnSe/ZnS nanoparticles
using a statistical response-surface design. ZnSe cores were synthesized by mixing zinc
acetate (0.5 mmol) and glutathione (GSH, 0.6 mmol). The pH was adjusted to 10.5, and a
fresh KHSe solution (1 mL, 0.05 M) was injected. The solution was irradiated in a digestion
furnace for 1 hour at 95°C. To maximize PLQY, a Box-Behnken experimental design
39

Cleared for Public Release:
Case Number: AFRL-2021-1721

Figure 2.9: Quadratic Response-Surface Model for ZnSe/ZnS QDs. Source: [63]

was used. This design accounts for nonlinearity and interactions between experimental
variables. The factors investigated were pH (10.2 to 10.8), the GSH/Zn molar ratio (1.4
to 1.6), and the Zn/Se molar ratio (5 to 15). Linear regression techniques were used to
fit a quadratic model to the PLQY data. Figure 2.9 shows PLQY as a function of input
parameters. From XRD, the average particle size was 2.9 nm; from TEM, the particle size
was 3.0 ± 0.5 nm. Energy Dispersive X-Ray Spectroscopy (EDX) indicated a surplus of
sulfur in the sample, indicating decomposition of the glutathione ligand during irradiation
[63].
Nemchinov et al synthesized ZnSe/CdS core/shell nanoparticles with a hot-injection
method. To create ZnSe cores, zinc stearate was dissolved in octadecane (ODA) at 300 °C.
Next, selenium was dissolved in TOP and rapidly injected into the zinc solution. The crys-
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Figure 2.10: Continuous and layer-by-layer CdS deposition on ZnSe QDs. Source: [126]

tals were grown at 280 °C. The QD cores were purified by adding hexane and methanol,
then centrifuging. The authors reported that at least three to four purification cycles were
necessary to improve PLQY of the coated QDs. To deposit the CdS core, cadmium oxide,
oleic acid, and ODE were mixed under Ar and heated to 280 °C. A second solution was
prepared with sulfur in ODE at 200°C. The ZnSe cores were dispersed in an ODA/ODE
mixture (1:4.2 v:v). For continuously-growing shells, both shell solutions were mixed and
injected into the core solution at 240 °C. The authors also tested a Successive Ionic Layer
Adsorption and Reaction (SILAR) method to investigate coating the ZnSe cores monolayer
by monolayer (ML). For SILAR deposition, the Cd and S shell solutions were sequentially injected, at 20 minute separations. Figure 2.10 compares continuous vs SILAR shell
growth. As the injection amount/number of monolayers increases, the fluorescence peak
redshifts to higher wavelengths. The maximum PLQY obtained was 16 − 20%. XRD spectra closely aligned with a bulk CdS pattern, which the authors attributed to the CdS shell
fully enveloping the ZnSe surface, instead of only preferential-direction growth [126].
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2.2.3

Core/Shell Doped ZnSe Quantum Dots

Choi et al synthesized ZnSe/(Cu,Mn):ZnS/ZnS core/doped-shell/shell QDs with MPA as
the capping agent. ZnSe cores were synthesized, then a doped ZnS shell was deposited,
followed by an undoped ZnS shell. The maximum PLQY observed was 36.8%, at a Mndoping concentration of 35%. The authors also experimented with Mn concentrations up
to 35%. Figure 2.11 shows the effect of mixing Cu and Mn dopants on absorbance and
photoluminescence spectra. An absorption shoulder is visible around 300 nm, which was
primarily unaffected by dopant concentration. By altering the Cu and Mn concentration,
the color emission was tunable to a wide range of colors [59].
Liu et al synthesized ZnSe/ZnS quantum dots with Eu3+ as a dopant in a two step
process. In the first stage, ZnSe:Eu cores were prepared. A stock solution of NaHSe was
prepared by reducing NaBH4 and Se powder (1:1 molar ratio) under N2 gas. Next, a solution of Zn(NO)3 , Eu(NO)3 , and MPA was prepared, with a pH of 10.3. The Zn:Se:MPA:Eu
ratio was 1:0.9:20:0.04. The solution was refluxed at 100 °C. Subsequently, the solution
was washed with ethanol and dried. In the second stage, a ZnS shell was coated onto the
ZnSe cores. The dried powder was dispersed in a solution with Zn(NO)3 and MPA, at a pH
of 10.3. The mixture was heated at 90 °C. ZnSe:Eu QD cores were sized with XRD at 2.9
± 0.3 nm. The ZnSe:Eu/ZnS core/shell particles were sized via HRTEM images at 4.5 ±
0.3 nm. Figure 2.12 shows the effect of shell growth time on PL intensity. At 30 minutes,
the PL intensity is low, then rapidly increases, reaching a peak at 3 hours. However, at
5 hours, the PL intensity decreases. The authors attributed this behavior to two factors.
Firstly, increased heating time thickens the ZnS shell, which increases the compressive
strain on the QD core. However, the authors hypothesize that increased heating time leads
to increased presence of defects, which make nonradiative recombinations more common,
reducing the emission intensity [127].
Shu et al synthesized ZnSe/ZnS QDs for cellular imaging. The QDs were prepared
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Figure 2.11: Absorbance and Photoluminescence spectra for (Cu, Mn)-doped ZnS shells.
Source: [59]

43

Cleared for Public Release:
Case Number: AFRL-2021-1721

Figure 2.12: Effect of reaction time on PL intensity for ZnSe:Eu/ZnS QDs. Source: [127]

using NaHSe and zinc acetate, with L-Glutathione as a capping agent. A ZnS coating was
applied by adding additional zinc and MPA at a pH of 9.5 and subsequently refluxing at
100 °C. The PLQY was measured using Quinine sulfate as a reference standard (PLQY
= 55%). XRD results indicated that cubic ZnSe was synthesized. The average particle
size was 3 nm. The cytoxicity of the nanoparticles was assesed by MTT assays. Test
cells (RAW264.7 and SCG7901) were seeded on a microplate, which was incubated in 5%
carbon dioxide environment. Incubation lasted one day at 37 °C. Subsequently, 20 µL MTT
solution was added, and incubation continued for 4 more hours. The core/shell QDs kept
high (95% +) cell viability at concentrations reaching 10 µM, which the authors reported
was a hundred-fold increase over CdTe QDs. Figure 2.13 shows laser confocal scanning
microscopy results for the RAW264.7 and SCG7901 cells. Notably, the ZnSe/ZnS QDs
bound strongly to the RAW264.7 cells (left); the bond to the SCG7901 cells (right) was
weaker. The measured fluorescence intensity of the ZnSe/ZnS QDs was stable for at least
124 days after synthesis [31].
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Figure 2.13: ZnSe/ZnS QDs used as an in-vitro imaging dye. Left, RAW264.7. Right,
SCG7901. Note magnification is not to scale. Source: [31]

2.3

Amorphous Oxide Coating of Quantum Dots

2.3.1

Silica-Coated Quantum Dots

Chen et al encapsulated ZnSe/ZnS quantum dots with a Silica shell through a hydrolysis
process. The ZnSe cores were synthesised by mixing zinc acetate and NaHSe, with TGA as
a capping ligand. To create the ZnS shell, additional zinc acetate was added, and then H2 S
gas was slowly pumped into the reaction vessel. The QDs were precipitated and cleaned
with a mixture of isopropanol and anhydrous alcohol. To form the silica shell, the QDs
were redispersed in water and the pH was adjusted to 9.8. Subsequently, this solution was
mixed with MPS and anhydrous alcohol. Finally, TEOS was added, and the silica shells
slowly grew for 2-3 hours. The authors reported an initial decrease of PL intensity, followed
by a slight increase, then further decrease as reaction time progressed. These observations
were attributed to the removal of TGA from surface sites, the partial attachment of MPS
to sites that previously held TGA, and assembling of the silanized QDs. The authors also
reported that spherical silica shells were seen at a MPS:QDs molar ratio of 130:1 [128].
Feng et al synthesized silica-coated CdTe quantum dots using PVP as a silane coupling
agent. Cadmium acetate and potassium tellurate were dissolved in water. TGA was used as
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the capping agent. The reaction began when sodium borohydride was added to the solution.
Dynamic Light Scattering (DLS) measurements estimated an average hydrodynamic radius
of 6 nm. To coat the QD cores in silica, the as-synthesized QDs were mixed into a 1% PVP
solution for 24 hours. Afterwards, TEOS and ethanol were added, and silanization began
when ammonia was added. The silanization time was 24 hours. The authors observed that
radius of the core/shell particles varied almost linearly with the volume of TEOS added.
The authors reported a PLQY of 62% after synthesis, and 71% after the silica shell was
added [68].
Lin et al synthesized water-soluble CdSe/CdS/SiO2 quantum dots. A Cd2+ stock solution was prepared by mixing cadmium nitrate (2 mL, 40 mM) and aqueous sodium citrate
(45 mL, 7.5 mM) in 100 mL of water. The pH was increased to 9.0 with NaOH (0.1 M).
The solution was degassed with N2 for 10 minutes. Subsequently, 2 mL 1,1-dimethyl-2selenourea (10 mM) was added, for a final Cd:Se ratio of 4:1. The mixture was irradiated
under a green laser (100 mW, 532 nm) and heated to 120 °C. The particle size of the CdSe
cores was 5.8 ± 0.3 nm. To form the inner CdS shell, 0.5 mL thioacetamide (40 mM)
was added, and the mixture was heated for 24 hours under N2 . The particle size of the
CdSe/CdS QDs was 6.8 ± 0.6 nm. To form the outer silica shell, 20 mL of QD solution
(100 nM) was mixed into 20 mL ethanol. 2 µL MPS (95%) was added. Samples were
stirred between 10 min and 48 hours. The MPS-QDs were centrifuged and rinsed thrice,
and redispersed in DIW. The silica shell was grown by adding TEOS (200 µL, 1.1 - 8.7
mM) and NH3 (600 µL, 39-156 mM). The authors also investigated using PVP and APS as
silane coupling agents. However, they found that MPS produced the optimal results. The
authors also reported that the silica growth was affected by the concentrations of TEOS,
ammonia, and MPS-coated QDs. Stirring speed was negatively correlated with particle
size (i.e., thicker silica shells were seen when the mixture was stirred at lower RPM). The
authors found that the silica shell improved PLQY, chemical stability, and photostability
[129].
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Liu et al synthesized ZnSe/SiO2 QDs with a water-in-oil (W/O) reverse microemulsion. Se powder was reduced via NaBH4 at a high pH in order to create a NaHSe solution.
A reverse micelle mixture was formed by dissolving zinc sulfate into AOT and cyclohexane. NaHSe was added and the solution was stirred at RT. A secondary microemulsion was
created by mixing TEOS and ammonia in an AOT+cyclohexane system. To form the silica
shell, the secondary microemulsion was poured into the ZnSe QD mixture. The resulting
particle size was dependend on the water/surfactant (W ) ratio of the TEOS microemulsion:
at W =6, the particle size was 12.9 nm, whereas at W =13, the particle size was 37.2 nm.
TEM imaging showed the ZnSe cores remained constant in size, so only the silica shell
grew larger. PL intensity was maximized at W =7 and decreased as W increased to 13
[130].
Zhou et al synthesized silica-coated CdSe quantum dots in an aqueous solution at
room temperature. CdSO4 (1 mL, 0.15 M) and Na3 NTA were combined to form a Cd2+
precursor solution, with a 5:4 molar ratio. Sodium citrate (1 mL, 1.6 % weight) was mixed
into the Cd2+ solution. Subsequently, Na2 SSeO3 was mixed into the cadmium precursor
solution. The solution was aged for five days. To form the silica shell, the CdSe core
solution was diluted (2 mL cores: 17 mL water) and mixed with MPS (0.2 mL, 0.02% wt)
and sodium silicate (0.2 mL, 0.54%). The final pH was 10.5, and the mixture was stirred for
five days. The mixture was transferred to ethanol, which drove precipitation of remaining
silica onto the shell. TEM imaging showed that the CdSe cores were encapsulated in larger
silica shells. The average capsule size was 28 nm. The average QD core size was 3.4 nm.
Although multiple CdSe cores were contained within each silica shell, aggregation was not
seen in the encapsulated particles. A year after synthesis, the solution remained kinetically
stable. The authors reported that a thin silica shell did not obviate photodegradation, which
was attributed to O2 diffusing easily through a thin shell. The authors found that a thick
silica shell resulted in higher PL intensity than a thin shell. However, at pH > 10, or with
high concentrations of MPS, PL intensity decreased to near-zero. Figure 2.14 shows the
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Figure 2.14: PL intensity of silica-coated CdSe QDs. Source: [40]

effect of silica coating on PL intensity [40].
Rogach et al synthesized silica-capped CdTe, CdSe, and CdSe/CdS QDs with MPS as
a silane coupling agent. CdTe nanocrystals were prepared by mixing NaHTe and Cd(ClO)4 · 6 H2 O
with 1-thioglycerol as a capping agent. CdSe QDs were prepared via mixing sodium citrate, cadmium perchlorate, and N,N-dimethylselenourea, at pH 9.0. The CdSe/CdS QDs
were synthesized via heating CdSe cores with thioacetamide (S:Se ratio = 1:1). The quantum dots were coated with silica in an ethanol/water mixture of 80 mL ethanol and 20 mL
QDs. 2 µL MPS was added and rapidly stirred for 12 hours. Subsequently, 0.4 mL sodium
silicate (0.54% wt) was mixed with 40 mL of the MPS-QD solution, which increased the
pH from 8.7 to 10.7. Figure 2.15 shows the effect of MPS and sodium silicate addition
on the MPS-modified QDs. The authors observed that silica shells were not formed on the
MPS-modified QDs until after sodium silicate was added. The authors observed that the
MPS/silica modification reduced the luminescence of CdSe QDs, whereas CdSe/CdS/SiO2
QDs still displayed notable luminescence. The authors also used the MPS-QDs as a seed
in a modified Stöber process, forming monodisperse silica globules with a 250 nm particle
size [131].
Tartuchi et al synthesized a silica shell over MPA-capped CdTe QDs. An NaHTe
solution was created by mixing tellurium powder (0.8 mmol) and NaBH4 (1.6 mmol) in
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Figure 2.15: Silica Coating of CdSe QDs: a) As-synthesized CdSe cores; b) MPS-modified
CdSe QDs; c) silica spheres encapsulating CdSe QDs; d) magnified view of CdSe/SiO2
QDs. Source: [131].
20 mL water. The solution was heated under argon to 80°C. This solution was mixed
with a heated (100°C) Cd2+ -MPA solution (pH 10.0) and stirred. The CdTe cores were
dispersed in a water:ethanol mixture (30 mL:80 mL). Next, 1 mL of ammonia (28-30%)
and 630 µL of APS were added. A second solution of TEOS (945 µL) and ethanol (40 mL)
was prepared and mixed into the first solution, stirring for 12 hours. The synthesis process
resulted in spherical silica particles, with an average size of 250 nm. The shell thickness
was approximately 69 nm. The absorption spectra for the uncoated and coated QDs are
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Figure 2.16: Absorbance Spectra of CdTe/SiO2 QDs: a) SiO2 ; b) CdTe-MPA QDs; c)
CdTe/SiO2 QDs. Source: [43]

shown in Figure 2.16. TEM micrographs showed agglomerated CdTe cores in the center of
the silica shell. Likewise, EDX results showed a higher Cd/Te concentration in the silica
particle core [43].
Montano-Priede et al synthesized monidisperse gold quantum dots with silica shells.
Gold nanoclusters were synthesized by reducing HAuCl4 with NaBH4 , using CTAB as
a capping agent. The diameter of the gold cores was 52 nm. The cores were surfacemodified with mPEG-t before transference to ethanol.To apply the silica shell, the gold
QDs (in ethanol) were mixed with DIW and ammonia. A second solution was prepared by
mixing TEOS and ethanol, and the two solutions were mixed under ultrasonic treatment for
2 hours. The authors reported that the ultrasonic treatment notably reduced agglomeration
of the silica-coated nanoparticles [132].

2.3.2

Alumina-Coated Quantum Dots

Liu et al synthesized alumina-coated iron nanoparticles in a wet chemical process. FeCl2 · 4 H2 O
and citric acid were dissolved in ethanol, and stirred for 6 hours. Subsequently, AlCl3 was
added, and the solution was stirred another 4 hours. The solution was dried at 80 °C.
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Figure 2.17: TEM Images of Fe/Al2 O3 nanocomposites. Source: [133]

The resultant powder was calcined in air at 400 °C; after calcination, the powder was reduced in hydrogen for 4 hours at 900 °C. XRD patterns showed the presence of α-Fe and
Al2 O3 . FeAl2 O4 was observed as a by-product if reduction temperature was below 800 °C.
Figure 2.17 shows TEM results for the iron-alumina nanocomposites. The nano-Fe cores
were sized at 32-42 nm via XRD peak broadening, which agreed with TEM results. The
Fe/Al2 O3 nanoparticles were stable below 170 °C, but oxidized at higher temperatures.
The authors noted that nanoparticles with higher alumina content were more resistant to
oxidation [133].
Sun et al synthesized alumina-coated magnetite nanoparticles. To form the Fe3 O4
cores, ferrous chloride, ferric chloride, and hydrochloric acid were mixed in water. The
solution was added dropwise into sodium hydroxide in a nitrogen environment. The Fe3 O4
cores were precipitated with a magnetic field, cleaned four times with water, and dried at 80
°C. To form the alumina shell, the Fe3 O4 cores (0.1 g) were dispersed in ethanol (60 mL)
and mixed with 1 g aluminum isopropoxide. The mixture was stirred for 30 minutes and left
standing for 60 additional minutes. The mixture was separated, cleaned, and redispersed
in ethanol five times. Subsequently, the powder was oven dried and calcined for 3 hours at
500 °C [134].
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Liu et al synthesized SiC-Al2 O3 nanocomposites via precipitation in a urea solution.
SiC quantum dots were synthesized via a Chemical Vapor Deposition (CVD) method, with
a 100 nm particle size. The quantum dots were gathered into a powder and mixed with
polyethylene glycol (9mL) and water (75 mL). Subsequently, 2 mmol aluminum nitrate
and 4 g urea were added to the mixture. The mixture was stirred for two days at 65 °C.
Afterwards, the mixture was centrifuged, followed by calcination in an argon atmosphere
at 600 °C. The samples were also heated in air for two hours at 800 °C. TEM results
showed a ∼20 nm alumina shell on the SiC cores. The core/shell particles exhibited a
higher theoretical density and average surface hardness than SiC prepared via mechanical
mixing processes [135].
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Experimental Methods

3.1

ZnSe QDs: General Procedure

During experiments, ZnSe QDs were synthesized via a colloidal aqueous method.

3.1.1

Materials and Reagents

Zinc acetate dihydrate (ZnAc) was purchased from Alfa Aesar. Selenium powder, sodium
borohydride (NaBH4 ), 3-mercaptopropionic acid (MPA), thioglycolic acid (TGA), thiourea,
iron(II) chloride tetrahydrate, chromium(III) chloride hexahydrate, cobalt(II) chloride hexaydrate, manganese(II) acetate tetrahydrate, 3-mercaptopropyl trimethoxysilane (MPS),
tetraethyl orthosilicate (TEOS), denatured ethanol (EtOH), aqueous ammonia (25%), and
aluminum isopropoxide (Al(O – iPr)3 , henceforth referred to as AIP) were purchased from
Sigma Aldrich. All reagents were used as-received without further purification. Deionized
water (DIW) was used in all experiments. Unless otherwise specified, all reaction steps
took place at room temperature.

3.1.2

ZnSe QD Synthesis

In a standard synthesis, an aqueous NaHSe solution was prepared by dissolving 1 mmol
Se powder in 3 mL DIW, within a three-necked flask. 2 mmol NaBH4 was added and
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the solution was mixed for 60 minutes under an inert gas environment (Ar, N2 ). A Zn2+
precursor solution was prepared by dissolving 2 mmol ZnAc in 50 mL DIW. Next, the
selected capping agent was added (TGA, 8 mmol). The pH was adjusted to 10 via dropwise
addition of 1 M NaOH.
Next, the fresh NaHSe solution was rapidly injected into the Zn2+ precursor solution
and mixed with a magnetic stir bar. The solution was heated to 90 °C, taking approximately
15 minutes to heat up. The total stir time was 1 hour. Figure 3.1 illustrates the ZnSe QD
synthesis procedure.
For UV-Vis Spectroscopy, as-synthesized ZnSe QDs were diluted and placed into sample cuvettes. For XRD and EM, excess reactants were first removed from solution by repeated centrifuge-wash cycles. ZnSe QDs were mixed with isopropanol (approximately
1:1 QDs:IPA, by volume) and centrifuged, before redispersal in DIW. This process was

Figure 3.1: Graphical Illustration of ZnSe QD synthesis procedure
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Figure 3.2: Schematic of silica coating procedure

repeated 1-3x. Notably, after 2-3 cycles, addition of isopropanol no longer triggered precipitation; instead, the mixture rapidly oxidized to a red color. This indicates that after 2-3
wash cycles, the capping agent is stripped from the QD surface.

3.2

Silica Coating: General Procedure

Silica coating of ZnSe QDs was achieved via a modified Stöber process [136], in which
TEOS is hydrolyzed and condenses into a silanol network [137].Figure 3.2 shows a graphical illustration of the silica coating procedure. In a typical silica coating, ZnSe QDs were
dispersed in a mixture of ethanol and DIW. The volumes of ethanol and DIW were varied between experiments, typically ranging between 20-150 mL each. Next, MPS and/or
TEOS was added as a silica precursor. To catalyze the reaction, the pH was adjusted (9.5 11.6) using either 1 M NaOH or 25% ammonia. At high MPS/TEOS concentrations, significant flocculation was observed, and the most successful samples were synthesized with
low concentrations.

3.3

Alumina Coating: General Procedure

Alumina coating of ZnSe QDs was investigated based upon the method of Sun et al [134].
In a typical synthesis, 1 mmol aqueous ZnSe QDs were dispersed in ethanol (between 5055
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Figure 3.3: Graphical Schematic of Alumina Coating Procedure

80 mL). Next, aluminum isopropoxide (AIP) was added, and the mixture was stirred for 60
min. The solution was subsequently centrifuged; the precipitate was isolated and dried on
a hotplate. Afterwards, the dry powder was calcined for 2 hours in a vacuum tube furnace
(with Argon flow) at 350 °C. Figure 3.3 shows an illustration of a typical alumina coating
process for ZnSe QDs.

3.4
3.4.1

Characterization Methods
X-Ray Diffraction

X-Ray Diffraction (XRD) is a nondestructive characterization technique used to identify
crystallographic characteristics of a material. In XRD, electromagnetic radiation is directed
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at a sample. The electromagnetic waves are diffracted based upon Bragg’s law:

2d sin(θ) = nλ

(3.1)

where d is the inter-planar atomic spacing, θ is the diffraction angle, n is an integer number,
and λ is the excitation wavelength. XRD has many practical applications, such as residual stress analysis or lattice parameter estimation. In particular, for nanoparticles, XRD
allows for determination of crystal structure (cubic, hexagonal, etc) and for estimation of
crystallite size. Crystal structure can be ascertained by comparing experimental diffraction spectra to published diffraction patterns. For example, cubic ZnSe shows prominent
diffraction peaks for (111), (220), and (311) planes, corresponding to 2θ ≈ 27, 45, and 54
deg [138]. Conversely, wurtzite ZnSe has prominent diffraction peaks at 26 deg (100), 27
deg (002), 29 deg (101), and 37 deg (102), among others.
For an unstrained, isotropic crystal, the average crystallite size can be estimated from
the broadening of the diffraction peaks, via the Scherrer equation:

τ=

Kλ
βcos(θ)

(3.2)

where τ is the crystallite size, K is a shape factor (typically taken as 1 for quantum dot
size distributions), β is the broadening due to the crystallite size, and θ is the location of
the first diffraction peak. In general, the first diffraction peak is used for size analysis. For
small nanocrystals, τ is a reliable estimator of average particle size, as most particles are
not polycrystalline. It should be noted that additional factors, such as lattice strain and
instrumental broadening can influence β. Often, the instrumental broadening is measured
by comparison to a reference sample, and subtracted in quadrature:

2
2
β 2 = βexp
− βinst
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where βexp is the experimentally measured peak width (FWHM) after background subtraction, and βinst is the broadening due to the diffraction instrument.

3.4.2

Electron Microscopy

Electron microscopy (EM) is a characterization technique used for high-quality images at
small length scales. In scanning electron microscopy (SEM), an electron beam is rasterscanned across a sample. The image is produced by backscattered/Auger electrons. In
transmission electron microscopy (TEM), the electron beam penetrates through the sample, reaching a detector on the opposite side. As such, TEM is only suitable for extremely
thin samples, such as nanomaterials. Scanning transmission electron microscopy (STEM),
a variant of TEM, focuses a larger-angle electron beam onto a single focal point on the sample. One benefit of STEM is Z-contrast imaging, where the image intensity is dependent on
the local mass-thickness, allowing for distinctions between materials [139]. SEM, TEM,
and STEM are valuable techniques for estimating particle size and morphology. Whereas
XRD provides an average particle size, EM techniques can provide a full particle size distribution, given sufficient resolution and number of particles.

Energy Dispersive Spectroscopy
Electron microscopy also allows for spatially resolved energy dispersive spectroscopy (EDS)
of a sample. When an electron beam is incident on a sample, it can remove an electron
from the inner shell. To fill the vacancy, an outer-shell electron will drop to the inner shell,
emitting a photon. Such photon emissions are known as Characteristic X-Rays, and their
wavelength varies from atom to atom [140]. Figure 3.4 illustrates the Characteristic X-Ray
emission process.
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Figure 3.4: Generation of Characteristic X-Rays in an electron microscope. Source: [140]

3.4.3

UV-Vis Spectroscopy

UV-Vis spectroscopy is a technique for measuring the optical absorption of a sample. In
UV-Vis spectroscopy, monochromatic light of wavelength λ is directed at a sample, and
the wavelength is varied across the visible and ultraviolet spectra. The optical absorption
is recorded for each wavelength. For a material dispersed in liquid, the optical absorbance
of a sample is given by Beer’s law:
A = εlc
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where A is the optical absorption coefficient, ε is the molar extinction coefficient, l is the
optical path length, and c is the sample concentration. Absorbance can also be equated to
optical transmission
A = log10 (

I0
)
I

(3.5)

where I0 is the instrument absorption in the absence of the sample and I is the absorption
when a sample is present. Figure 3.5 shows a schematic diagram of a UV-Vis spectrophotometer.
As a characterization technique, UV-Vis absorption can provide a quantitative estimate
of particle size based upon Tauc’s formula [141]:

(αhν)1/n ∝ (hν − Eg )

(3.6)

where α is the absorption coefficient, h is Planck’s constant, ν is the excitation frequency,
and Eg is the electronic band gap. For direct transition semiconductors, such as ZnSe,
n = 1/2 [142]. By plotting (αhν)2 vs hν and extrapolating the linear segment to αhν = 0,
an estimate of the bandgap can be obtained. Given the Eg (r) relationship given by Eq (1.4),
the particle size can be estimated from a UV-Vis absorption spectrum.
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Figure 3.5: Diagram of a UV-Vis Spectrophotometer. Source: [143]
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Results and Discussion

4.1

Pristine Zinc Selenide

4.1.1

Effect of Capping Agent

ZnSe QDs were synthesized with ascorbic acid (AA), cetyltrimethylammonium bromide
(CTAB), thioglycolic acid (TGA), and 3-mercaptopropionic acid (MPA) as capping agents.
For the AA, CTAB, and MPA samples, the Zn:Se ratio was 1:1. For TGA, the Zn:Se ratio
was 2:1. The TGA and MPA samples were heated to 90 C and stirred for one hour; the AA
and CTAB samples were stirred at room temperature for one hour. Figure 4.1(a) shows UVVis absorption spectra for each sample. Figure 4.1(b) shows the Tauc plots obtained from
each absorption curve. Table 4.1(b) shows the results obtained from fitting a Tauc plot to
the absorption spectrum. The linear portion of the (αhν)2 curve was isolated, and a simple
linear model was fit on the data using the statsmodels.api library in Python 3.8. The
regression model was extrapolated to (αhν)2 = 0 to estimate the bandgap. Based upon the
bandgap, Eq 1.4 was used to estimate particle size. The average estimated diameter, dT auc
was 4.59 nm. It should be noted that the higher-energy portion of the absorption spectrum
was slightly increased to address an instrument discontinuity at 350 nm (3.54 eV). The
adjustment was made to preserve a constant slope across the instrumental discontinuity.
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Table 4.1: Results of UV-Vis Spectrum Analysis
Sample

Eg (eV)

dT auc (nm)

TGA
MPA
CTAB
AA

3.23
3.37
3.00
2.93

4.59
4.08
6.15
6.99

UV-Vis Spectroscopy Results
(a): Absorption Spectra
(b): Tauc Plots
1.6
TGA
MPA
CTAB
AA

2.0

1.4
1.2

( h )2 (a.u.)
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1.5
1.0
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1.0
0.8
0.6
0.4
0.2
0.0

0.0
350
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(nm)
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500

2.8

3.0

3.2

h (eV)

3.4

Figure 4.1: (a) Absorption Spectra of ZnSe QDs. (b) Tauc Plots and Linear Fits for ZnSe
QDs. Spectra are vertically staggered for visibility.

4.1.2

Effect of Dopant

To investigate the effect of cationic doping, a series of samples was prepared using Fe2+ ,
Cr3+ , Mn2+ , and Cu2+ dopants, and TGA as the capping agent. The QD solution was prepared according to standard procedure, with the following variations: 2.5 mmol NaBH4
was used in the Se2 – precursor solution, and 0.02 mmol (1%) of the selected dopant was
added to the Zn2+ solution. Figure 4.2 shows the absorption spectra and Tauc plots for the
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Table 4.2: UV-Vis Spectra for Doped ZnSe QDs
Sample

Eg (eV)

Undoped
Fe2+
Cr3+
Mn2+
Cu2+

3.27
3.28
3.23
3.28
3.24

doped QDs. The absorption spectra are extremely similar. Small differences in curvature
can be observed in the 360-380 nm range, where the excitonic absorption peak for ZnSe
is typically observed. Table 4.2 shows the bandgap and estimated diameter for the doped
QDs. Cu-doped and Cr-doped ZnSe have slightly lower bandgaps. However, the overall
difference is small, indicating that a 1% dopant concentration does not significantly alter
absorption properties in the visible spectrum.
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Absorption Results: Doped ZnSe QDs
(a): Absorption Spectra
(b): Tauc Plots
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Figure 4.2: UV-Vis Spectroscopy Results for Doped ZnSe QDs. Spectra are vertically
staggered for visibility.
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4.1.3

Analysis of crystallite size and structure

XRD analysis
As-synthesized QDs were cleaned with isopropanol, redispersed in DIW, and dried on a
hot plate. Afterwards, a small amount of the powder was redispersed for SEM imaging.
XRD spectra were recorded for the powdered ZnSe QDs and ZnSe microparticles (SigmaAldrich, 10 micron) using Cu Kα radiation. Figure 4.3(upper) compares the XRD spectrum
for TGA-capped ZnSe to the theoretical peaks for wurtzite and zinc blende ZnSe, which
were simulated in Vesta. In Figure 4.3(lower), the 10 µm ZnSe particles show an extremely
narrow peak. The ZnSe QD peak is significantly broadened, indicating a small crystallite
size. The ZnSe QD peaks correspond to a cubic structure at 27° (111), 45° (220), and
54° (311). The wurtzite structure shows peaks at 38° (102) and 49° (103); these peaks are
not observed for ZnSe QDs. Thus, it can be concluded that the aqueous synthesis method
produces cubic nanocrystals.
However, there is a discrepancy between the theoretical and measured peak locations,
on the order of ∼ 1°. Since TGA bonds to the Zn2+ surface with a thiol (sulfur) group, it
is possible that there is, to some degree, sulfur doping, ZnSe/ZnS alloying, or the presence
of ZnS shells within the ZnSe QD ensemble. From the (111) peak, the experimental lattice
constant was calculated via
√
a0 = dhkl h2 + k 2 + l2

(4.1)

where h, k, and l are the Miller indices of the peak. The experimental lattice constant was
estimated at 5.58 Å. The bulk lattice parameter of ZnSe is 5.68 Å [52]. The lattice constant
of ZnS is 5.41 Å, and the cubic ZnS (111) peak is located at ∼ 33.5° [144]. Notably the
experimentally-measured ZnSe lattice constant was between pure ZnSe and ZnS, and the
ZnS (111) peak is at a higher 2θ value than the ZnSe (111) peak.
As a result, sulfur doping/ZnS alloying/ are potential explanations for the minor peak
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XRD Spectra for pure ZnSe
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Figure 4.3: (Top) Comparison between TGA-capped ZnSe QDs and theoretical peak positions. (Lower) Comparison between ZnSe nanoparticles and ZnSe microparticles.
shift in the ZnSe QD XRD spectrum. Moreover if there is a ZnS shell present, it would
be a source of compressive strain [145, 146]. In either case, there will be some degree of
microstrain present within the QD ensemble.
Under the assumption that ZnS-induced lattice strain is present to some degree in the
sample, Eq 3.2 is no longer suitable for estimating particle size.For the XRD spectra shown
in Figure 4.3, the peak widths were calculated by applying a Pearson-VII curve fit to the
experimental data in OriginPro, which is shown in Figure 4.4(a). In this, the intensity of the
XRD spectrum was assumed to be a linear combination of the (111), (220), and (311) peaks.
Assuming the strain is uniform within the nanoparticles, a Williamson-Hall approach was
selected to simultaneously estimate the crystallite size and lattice microstrain. Assuming
that β = βτ + βε (the sum of particle broadening and strain broadening), the particle size
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can be estimated via
β=

Kλ
+ 4εrms tan(θ)
τ cos(θ)

(4.2)

where β is the instrument-corrected FWHM, τ is the crystallite size, and εrms is the rootmean-square lattice microstrain [147, 148]. Rearranged, 4.2 gives

βcos(θ) =

Kλ
+ εrms (4sin(θ))
τ

(4.3)

Plotting βcos(θ) against 4sin(θ) gives a linear expression for lattice strain. Additionally,
after fitting, the crystallite size can also estimated from the intercept y0

τ=

Kλ
y0

(4.4)

Figure 4.4(b) shows a strain-size plot for the ZnSe QDs. The slope and intercept were
obtained via a linear fit. The intercept was calculated at y0 = 0.038, which corresponds
to a crystallite size of τZnSe = 4.1 nm. The slope was εrms = 0.022, which indicates that
a small strain is present within the ZnSe QDs. The fitted value of εrms does not specify
compressive or tensile strain, since εrms is the root-mean-square microstrain and is thus
>= 0. The crystallite size and microstrain estimates were highly sensitive to the estimated
peak widths. It is possible that a slower scan time and increased quality XRD spectrum
would have clearer peaks and be less sensitive to the peak width fitting.

Particle size distribution
The PSD was estimated via an SEM image and ImageJ. Figure 4.5 shows the SEM image
used for analysis and the corresponding particle size distribution. The image resolution and
contrast were insufficient for automated particle analysis, so particles were hand-included
into the distribution. Particles were encased in either a circle or an oval, as seen by the
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Figure 4.4: (A) Pearson VII peak fit of the ZnSe QD XRD spectrum. Peaks fit using the
Peak Analyzer tool in OriginPro. (B) Williamson-Hall size-strain plot for ZnSe QDs.
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yellow circles on Figure 4.5. The area of each circle was calculated and converted to an
equivalent spherical diameter:
r
di = 2

Ai
π

(4.5)

where Ai is the area of the ith particle. The average diameter, dSEM was 4.44 nm. The
experimental data was fit to a lognormal distribution, with values of d = 4.43 nm and σ 2
= 1.45 nm2 . Only particles with moderate/high circularity were included, to avoid biasing
the dataset to agglomeration. Exceedingly large particles were also excluded as, based
upon the UV-Vis measurements, particle sizes on the order of nanometers are expected, so
significantly larger particles are unlikely to properly represent the sample population.
Due to the contrast of the image and poor discernability of particle edges, an uncertainty analysis was conducted. The systematic uncertainty in the particle diameter, uSEM ,
is estimated at roughly ± 0.8 nm. In this case, the systematic uncertainty is due to the the
sharpness of particle edges. The random uncertainty, urand was estimated from the 95%
confidence interval for the lognormal data fit. The confidence interval was estimated by
σ
urand = ±1.96 √
N

(4.6)

where σ is the standard deviation, N is the sample size, and 1.96 is the z-coefficient for a
95% confidence interval. This yields a value of urand =0.267 nm. It should be mentioned
that, as seen in Figure 4.5, the PSD does not exactly match the lognormal fit. However,
based upon the shape of the distribution, it was decided that the use of Eq 4.6 was still
applicable as a general error estimate. Based upon urand , the combined uncertainty uc can
be estimated by
u2c = u2SEM + u2rand

(4.7)

which yields an estimated final uncertainty of uc = ± 0.84 nm. This large uncertainty is one
potential explanation for the discrepancy between the values of dSEM , dT auc , and dXRD .
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An additional factor is the sample size. A total of 95 particles were used in the particle
size distribution. XRD and UV-Vis measurements, however, measure large fractions of
the entire particle ensemble. A larger diameter dataset, obtained from a higher-resolution
image, and a more rigorous statistical analysis are options for the quality of the particle size
distribution.
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SEM Particle Size Distribution for ZnSe QDs
Lognormal Fit (d = 4.43)
SEM Data (d = 4.44)
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Figure 4.5: (top) SEM Particle Size Distribution for ZnSe QDs. (bottom) SEM image of
ZnSe QDs. Yellow circles indicate particles included within the distribution.
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4.2

Silica Shell Application

4.2.1

ZnSe Microparticles

Silica coating with heavy TEOS
To isolate variables in the coating process from those in nanoparticle synthesis, a series of
silica-coated ZnSe samples were prepared, using commercial 10 µm diameter ZnSe powder
(Sigma Aldrich). A series of four samples was prepared to explore the effect of MPS and
TEOS on a Stöber-type process. 0.1 g µ ZnSe was stirred into a solution containing 175
mL DIW and 20 mL ethanol. The pH was increased to 10 with 1 M NaOH. MPS was
added to the solution and stirred for a period of time. Subsequently, TEOS was added,
and the solution was stirred for another period of time. Table 4.3 details the different
MPS and TEOS amounts used. After stirring, samples were centrifuged and dried on a
hot plate, without additional filtration. Figure 4.6 shows the XRD spectra for the silicacoated QDs. When the molar ratio of MPS to ZnSe was 2:1, the ZnSe peaks were clearly
dominant. As seen in the inset, a small shoulder can be observed near 2θ = 22°, when 1.22
g TEOS were used. Peaks at this location are indicative of amorphous silica [149]. When
the MPS:ZnSe ratio was increased to 10:1, the silica shoulder widens and significantly
increases in intensity, relative to the ZnSe peak. This indicates that an excess of silica was
formed under these reaction conditions; future syntheses were modified with less MPS or
Table 4.3: Experimental Parameters for Silica-coated ZnSe microparticles

Sample

MPS:ZnSe

1
2
3
4

2
2
10
10

mZnSe (g) mMPS (g) mTEOS (g) MPS Stir Time (hr) Hydrolysis
Time
(hr)
0.1
0.1
0.1
0.1

0.272
0.272
1.360
1.360

0.127
1.220
0.127
1.220
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XRD of Silica-coated ZnSe microparticles
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Figure 4.6: XRD Spectra for ZnSe microparticles, silica coated with MPS and TEOS

a different ethanol/DIW balance to reduce agglomeration and flocculation.

Effect of MPS vs MPS + TEOS
To investigate how MPS affects silica growth on ZnSe microparticles with a longer reaction
time, two solutions were prepared. In each, 0.1 g ZnSe powder (Aldrich, 10 micron) was
mixed with 0.13 g of MPS in 150 mL DIW for approximately 1 hour. Subsequently, 20 mL
of ethanol was added to the solution. The pH was adjusted to 10.6 via dropwise addition of
an 25% ammonia aqueous solution. To one solution, an additional 0.1 g TEOS was added.
Both solutions were vigorously stirred for one day and allowed to settle for another five
days. Aliquots were taken from each as-synthesized solution, without further purification.
Subsequently, each solution was precipitated, rinsed with DIW, and dried on a hot plate,
in preparation for XRD. Figure 4.7 compares the XRD spectra for each sample. The silica
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Figure 4.7: Silica Coating: MPS vs MPS+TEOS

shoulder can be observed near 21°. Figure 4.8 shows EDS mappings for Zn, Se, Si, and
O. There is a large ZnSe particle in the center. Based upon its size (∼ 100 nm × 250 nm),
it is a fragment of a larger microparticle. The core particle is clearly comprised of ZnSe.
On the surface of the particle both Si and O are present. Notably, Si and O are also present
around the particle, overlapping with each other. This indicates that, in addition to forming
a silica shell, nucleation of pure SiO2 particles also occurred during solution.

4.2.2

ZnSe Nanoparticles

Silica coating with MPS vs MPS +TEOS
ZnSe nanoparticles were synthesized as in Section (3.1), with the following change: 4 mL
DIW was used in the NaHSe solution, instead of 3 mL. The particles were cleaned twice,
by repeated addition of isopropanol, centrifugation, and washing with DIW. 1 mmol of
nZnSe was dispersed in 150 mL DIW. 10 mmol MPS was added, and the solution was
stirred. After two hours of mixing, 20 mL ethanol and 1 g TEOS were added. The pH of
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Figure 4.8: Element Mappings for mZnSe/SiO2 particles
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Figure 4.9: XRD Spectrum of QDs with 10 mmol MPS and 1 g TEOS.

the solution was adjusted to 9.7 with 25% ammonia and stirred for 5 hours. The solution
was centrifuged and rinsed with DIW. An aliquot was taken for TEM, and the remainder of
the solution was dried on a hot plate for XRD. Figure 4.9 shows the XRD spectra for the
coated QDs. Notably, when 1 g TEOS and 10 mmol MPS were used, the ZnSe peaks could
not be distinguished due to the excessive silica formation.

Silica coating with MPS as sole precursor
To investigate thin coatings, a series of samples were prepared using MPS as the sole
silica precursor. 20 mL of standard ZnSe nanoparticles (12.5 mM) were mixed into 40 mL
ethanol. Subsequently, 0.25 mmol (1:1 MPS:ZnSe), 1.25 mmol (5:1), or 3.75 mmol (15:1)
MPS was added to the ZnSe-ethanol solution. The mixture was stirred for approximately
24 hours. All solutions were opalescent after 24 hours, indicating the formation of silica.
The resulting solutions were subjected to four centrifugation cycles. After the 1st, 3rd, and
4th cycles, the particles were rinsed with DIW. After the 2nd cycle, particles were instead
rinsed with isopropanol. Aliquots were taken from each solution for microscopy. The
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XRD Spectra of Silica-coated QDs
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Figure 4.10: XRD spectrum of ZnSe QDs. Silica coating was applied with MPS as sole
silica precursor.

remainder of each solution was dried on a hot-plate for XRD analysis.
Figure 4.10 shows the XRD spectra for the silica samples with varying MPS ratios.
In the uncoated sample, no silica shoulder can be observed. At 1:1, a slight silica shoulder
can be observed. At 5:1, the magnitude of the silica peak is roughly equivalent to the ZnSe
(111) peak. At a ratio of 15:1, the silica peak is dominant, and the ZnSe peak is almost
unobservable. This indicates that, as MPS content increases, excessive additional silica is
formed within the sample, which is undesirable.
A Williamson-Hall analysis was performed for the 1:1 ZnSe/SiO2 QDs. As with the
pure ZnSe QDs, the spectrum was treated as the combination of three peaks. Each peak was
analytically fit to a Pearson VII function, from which the FWHM was obtained. Notably,
for this sample, the spectrum was restricted to avoid the silica shoulder at ∼ 22°. The
estimated crystallite size, τZnSe/SiO2 = 3.2 nm. This is smaller than the ZnSe QD size. This
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discrepancy may be due to either the silica coating process or the numerical analysis of
the XRD spectrum. While three experimental peaks are numerically sufficient to estimate
both microstrain and crystallite size, a XRD spectrum with more peaks/ lower noise may
provide a better numerical analysis. Additional evidence for this hypothesis is the low R2
value of the model, which signifies that the fit quality is lower than desirable.
Figure 4.12 portrays the element mappings for the 1:1 MPS:ZnSe sample set. The Zn
and Se mappings clearly overlay. Moderate agglomeration can be observed. There is also
clear correlation between the Si and O mappings. Moreover, the Si mapping overlaps the
Zn mapping, which indicates that the silica layer is deposited on the ZnSe surface. Based
upon the Si-Zn mapping, a rough estimate of the coating thickness was obtained. Figure
4.13 shows the EDS mapping used for thickness measurement. Thickness was assessed in
ImageJ, by measuring the length of radial lines that spanned the silica layer. The average
thickness was estimated at tSiO2 = 4 nm.
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Figure 4.11: (A) Pearson VII peak fit of the ZnSe/SiO2 QDs, using a 1:1 ZnSe to MPS
ratio. (B) Williamson-Hall size-strain plot for ZnSe/SiO2 QDs.
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Figure 4.12: Element mappings for ZnSe/SiO2 quantum dots
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Figure 4.13: Silica shell thickness measurement. Radial lines indicate the thickness of the
silica shell.
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4.3

Alumina Shell Application

Preliminary coating test
An alumina coating was applied to ZnSe nanoparticles according to the following procedure. ZnSe nanoparticles were synthesized according to the standard method (Section 3.1),
with the following change: 4 mL DIW was used in the NaHSe solution, instead of 3 mL.
The ZnSe particles were cleaned twice with isopropanol and DIW. The powder was dried
on a hotplate and subsequently dispersed in a mixture of 60 mL ethanol and 10 mL DIW. 1 g
of aluminum isopropoxide (Al(OiPr)3) was added, and the solution was vigorously stirred
for two hours. The mixture was centrifuged, rinsed with isopropanol, re-centrifuged, and
dried on a hotplate. Finally, the dry powder was calcined at 450 °C for two hours in a
vacuum tube furnace.
A second batch was prepared according to the above procedure, with the following
alterations: After the nZnSe powder was rinsed with isopropanol, it was redispersed in 12
mL DIW, and it was not dried. This aqueous nZnSe solution was mixed with 60 mL ethanol
and 1 g aluminum isopropoxide for 45 minutes. The mixture was centrifuged, rinsed with
a 3:1 mixture of DIW and isopropanol, and recentrifuged. The sample was dried on a hot
plate, and finally calcined at 450 °C for two hours.
Figure 4.14 compares XRD spectra for both batches, pure ZnSe QDs, pure cubic Al,
and γ-Al2 O3 . In all three samples, a strong (111) ZnSe peak is observed at 26°. Batch (a)
and Batch (b) show a peak at ∼ 65°. Notably, Batch (a) shows some peak splitting at 47°
and 55°. The alumina-coated samples also show narrowing of the (111) peak. One potential
explanation is coarsening of the QD ensemble during calcination. Additionally, there is a
slight, but noticeable peak shift between the alumina-coated and uncoated samples. This
may be due to diffusion of Al3+ ions into the ZnSe lattice, causing a slight lattice parameter
change.
In both the spectra of Youn et al [150] (from heat-treating bohemite powder) and
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ZnSe/Al2O3 QD Comparison
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Figure 4.14: XRD spectra of ZnSe/Al2 O3 QDs vs γ-Al2 O3 and cubic aluminum. Cubic
aluminum spectra were simulated in Vesta. Alumina spectra were electronically digitized
from Youn et al[150] (microparticles, Fig 2, pH=7) and Amirsalari et al [151] (nanoparticles, Fig 1.b).
Amirsalari et al [151] (colloidal alumina nanoparticles), γ-Al2 O3 has a strong peak near
67°. The agreement between ZnSe/Al2 O3 QDs and pure γ-Al2 O3 is expected, since θ and
α-Al2 O3 are expected at significantly higher calcination temperatures (∼ 1200°C) [152].
Pure aluminum, simulated in Vesta, shows a strong peak at 38° and a much weaker
peak at 65°. For the experimental QD spectra, since the Al2 O3 peak is observable at ∼
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66°, but stronger the 38° is not observable, it is concluded that there is a strong Al2 O3
presence, but cubic Al is not present. This indicates that the AIP produced Al2 O3 instead
of dissociating and leaving behind an aluminum-quantum dot mixture.

Effect of AIP variation on synthesis
A series of samples were prepared with varying amounts of aluminum isopropoxide. ZnSe
QDs were prepared as in (Section 3.1), with the following change: when preparing the
NaHSe solution, 4 mL DIW was used instead of 8 mL. 1 mmol nZnSe was dispersed in
a mixture of 10 mL DIW and 50 mL ethanol. Next, 1, 0.5, or 0.25 g of Al(OiPr)3 was
added to the mixture and stirred for 90 minutes. The suspension was centrifuged, and the
precipitate was dried on a hot plate. Subsequently, the precipitate was calcined at 450 °C
for two hours in a tube furnace, under argon gas.
A subsequent sample series was prepared with reduced amounts of aluminum isopropoxide. 1 mmol of twice-washed ZnSe QDs was dispersed into 60 mL ethanol. Next,
0.125 g of aluminum isopropoxide was added, and the mixture was stirred in air for one
hour. This process was repeated for a second sample, with 0.063 g aluminum isopropoxide. The samples were centrifuged and redispersed in water. Afterwards, the precipitate
was dried on a hot plate. The dry powder was subsequently calcined for 2 hours at 350 °C.
Calcination was performed in a vacuum tube furnace with an argon environment. Both sets
of powder were then characterized by XRD.
Figure 4.15 shows the XRD spectra for the ZnSe/Al2 O3 QDs. At 0.25 g AIP, a small
γ-Al2 O3 peak is observable at 66°, which increases with AIP content. There is some peak
narrowing observable, which indicates that particle size increased slightly during calcination. Additionally, for 0.5 g and 1 g AIP, there is an observable peak shift, ∼ +1°, which
is attributed to the diffusion of Al or S into the ZnSe lattice. For both 0.063 g and 0.125
g AIP, the 66° is also observable. Additionally, the peak broadening is reduced, which in-
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XRD Spectrum of Aluminum-coated QDs
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Figure 4.15: XRD Spectra for ZnSe/Al2 O3 QDs with varying aluminum isopropoxide. 1 g,
0.5 g, and 0.25 g calcined at 450 °C for 2 hr. 0.125 g and 0.063 g calcined at 350 °C for 2
hr.
dicates that particle size slightly increased during the calcination process. However, at the
lower calcination temperature (350 °C) and lower AIP content, no noticeable peak-shifting
could was observed, which is indicative that unwanted diffusion into the ZnSe lattice was
negligible.
For the 0.125 g AIP sample, a Pearson VII peak fit was applied to each peak in Origin
Pro. Figure 4.16(a) shows the Pearson VII peak fit for the (111), (220), and (311) peaks.
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Figure 4.16(b) shows the corresponding analysis plot. The estimated crystallite size, τAl2 O3
was 5.8 nm. Notably, the slope is slightly negative. Since a negative value of εrms has no
physical meaning, the quality of the linear regression fit is suspect. This may be due to the
similarity between peak widths, which are nearly identical in Figure 4.16(a) at ∼ 1.5°.
It is also possible that, after calcination, strain within the crystals was reduced. The
negative sign on the slope is likely due to a low overall strain and small sample size. The
estimated value of εrms , -0.0026. The 95% confidence interval for εrms is [-0.033, 0.028].
Due to the extremely small slope estimate and large confidence interval, it is reasonable to
assume that no conclusions should be drawn from the strain estimate. A higher-resolution
XRD spectra, or a more thorough data fitting procedure may result in a more authoritative
result. Moreover, estimation of the ZnSe crystallite domain does not provide information
about the thickness of the alumina coating.
Figure 4.18 shows EDS mappings for ZnSe QDs synthesized with 0.125 g AIP. The
Zn and Se mappings align closely. The Al mapping aligns with the Zn and Se mappings,
but stray Al is also observable in the background. The O mapping also aligns with the Al
mapping, but also has a noisy background. The correlation between the Al and O maps
is evidence for the formation of a Al2 O3 shell around the ZnSe nanoparticles. This is in
agreement with XRD spectra (Figure 4.15 4.14), which indicate the presence of γ-Al2 O3 .
To estimate the thickness of the Al2 O3 shell, the Zn and Al mappings were merged
into a single composite image, using identical scales and alignments. This image is shown
in Figure 4.17. The red channel corresponds to Zn, the grey channel corresponds to Al. The
shell thickness was estimated at tAl2 O3 = 1 nm, using radial lines. It should be noted that
the edge of the particle was difficult to distinguished, and in some cases, no clear coating
could be distinguished. The shell layer is not easily observable, unlike ZnSe/SiO2 QDs.
In part, this may be due to image resolution, but is also indicative of an irregular coating
thickness and quality.
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Figure 4.16: (A) Pearson VII peak fit of the ZnSe/Al2 O3 QDs, using a 0.125 g AIP. (B)
Williamson-Hall size-strain plot for ZnSe/Al2 O3 QDs.
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Figure 4.17: Alumina coating thickness measurement. Image is a merging of EDS mappings for Al and Zn, using exactly equal image size and scale. Radial lines indicate measurements of thickness.

As seen in Figure 4.17, it is evident that that the alumina coating procedure may only
partially encapsulate the QD cores. It is also probable, given the calcination temperature,
that there is some diffusion of aluminum into the QDs during calcination, which complicates assessment of the coating quality. Thus, it can be concluded that, while AIP does
lead to the formation of an alumina layer, the alumina shell is not stable during synthesis,
affecting coating quality.
One explanatory hypothesis is that AIP does not sufficiently facilitate the formation
of alumina layers on zinc-blende style crystal structures. In the work by Sun et al, AIP
was used on spinel-structured iron(II,III) oxide QDs [134]. Application of another oxide
coating, such as ZnO or SiO2 may be a necessary step to stabilize the alumina coating.
Future study and characterization could improve coating quality and systematically assess
the significance of diffusion during the calcination process.
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Figure 4.18: Element mappings for ZnSe/Al2 O3 QDs
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Conclusions
Semiconducting quantum dots are a promising nanomaterial for a wide variety of optical
and electronic applications, including sensors, light-emitting diodes, solar panels, and fluorescent dyes. Zinc selenide, a chalcogenide semiconductor, has become highly studied as
a medium-high bandgap quantum dot material. While numerous methods exist for synthesis of ZnSe quantum dots, aqueous methods are promising for clean, nontoxic synthesis.
However, despite the popularity of ZnSe, there is a need to develop and characterize processes for protective amorphous oxide coatings of ZnSe quantum dots. In this work, the
synthesis of amorphous oxide-coated ZnSe quantum dots has been presented. Silica shells
are overgrown on ZnSe cores via a modified Stöber process. Additionally, a process for
applying alumina coatings for ZnSe has been investigated, and is indicative of γ-alumina
formation around ZnSe cores. This investigation is, as far as the author is aware, among
the earliest investigations of alumina-coated ZnSe nanomaterials.
Table 5.1 shows a summary of the particle size and thickness results for ZnSe, ZnSe/SiO2
and ZnSe/Al2 O3 QDs. The aqueous synthesis method was found to produce cubic ZnSe
QDs in the 3-7 nm range, with diameter strongly affected by the capping agent. Doping
with 1% Fe, Cr, Mn, and Cu tuned the bandgap slightly. A thin silica shell was applied by
the hydrolysis of MPS in aqueous solution. The thickness of the silica shell was estimated
at 4 nm. An alumina coating was tested via mixing ZnSe QDs and aluminum isopropoxide
in ethanol, with subsequent calcination. The alumina coating thickness was estimated at 1
nm, although EDS mappings showed the coating was difficult to observe for some particles.
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Table 5.1: Particle size and thickness summary

ZnSe-TGA
ZnSe-MPA
ZnSe-CTAB
ZnSe-AA

dxrd
(nm)

dT auc
(nm)

dsem (nm)

4.1

4.59
4.08
6.15
6.99

4.44±0.84

tshell
(nm)

ZnSe:Fe-TGA
ZnSe:Cr-TGA
ZnSe:Mn-TGA
ZnSe:Cu-TGA
ZnSe/SiO2
ZnSe/Al2 O3

Eg (eV)

εrms

3.23
3.37
3
2.93

0.022

3.28
3.23
3.28
3.24
3.2
5.6

4
1

0.02

The successful deposition of silica and alumina shells is a valuable step for incorporation of ZnSe quantum dots as a functional dopant into a glass matrix. In this work, the
silica coating procedure demonstrated has successfully produced thin-layer surface silica
shells on ZnSe QDs using MPS as the sole silica precursor. However, the survivability of
ZnSe/SiO2 QDs has not yet been systematically assesed in glass melts. Additionally, the
effect of the silica shell on photoluminescence intensity and emission wavelength has not
been studied. This step is of import for high-efficiency optoelectronic devices, and provides
an avenue for further research.
The alumina coating procedure indicated the formation of γ-Al2 O3 around ZnSe cores.
EDS mappings indicated that aluminum and oxygen were primarily localized to the ZnSe
cores, but with some remnants dispersed in the background, which is indicative that alumina is present around the ZnSe cores. However, the alumina coating stability has not been
systematically assessed yet. Additionally, diffusion of aluminum or sulfur into the ZnSe
cores was observed at higher temperatures. Future work can improve the alumina coating
procedure to prevent diffusion during synthesis and improve coating regularity. One avenue
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forward is overcoating additional shell materials, such as ZnSe/SiO2/ Al2 O3 core/shell/shell
oxide-coated quantum dots.

93

Cleared for Public Release:
Case Number: AFRL-2021-1721

Bibliography

1

D. Bera, L. Qian, T.-K. Tseng, and P. H. Holloway, “Quantum dots and their multimodal
applications: a review”, Materials 3, Number: 4 Publisher: Molecular Diversity Preservation International, 2260–2345 (2010).

2

National Nanotechnology Initiative, Nanotechnology timeline — nano.gov, nano.gov,
(2021) https://www.nano.gov/timeline (visited on 03/05/2021).

3

S. Bayda, M. Adeel, T. Tuccinardi, M. Cordani, and F. Rizzolio, “The history of nanoscience
and nanotechnology: from chemical–physical applications to nanomedicine”, Molecules
25, 10.3390/molecules25010112 (2019).

4

V. K. LaMer and R. H. Dinegar, “Theory, production and mechanism of formation of
monodispersed hydrosols”, Journal of the American Chemical Society 72, Publisher:
American Chemical Society, 4847–4854 (1950).

5

A. Ekimov and A. Onushchehko, “Quantum size effect in three-dimensional microscopic
semiconductor crystals”, trans. by D. Parsons, ZhETF Pis ma Redaktsiiu 34, edited by
S. Amoretty, 363 (1981).

6

A. Efros and A. Efros, “Interband light absorption in semiconductor spheres”, Soviet
physics. Semiconductors 16, 772–775 (1982).

7

R. Rossetti and L. Brus, “Electron-hole recombination emission as a probe of surface
chemistry in aqueous cadmium sulfide colloids”, The Journal of Physical Chemistry 86,
4470–4472 (1982).

94

Cleared for Public Release:
Case Number: AFRL-2021-1721

8

L. Spanhel, M. Haase, H. Weller, and A. Henglein, “Photochemistry of colloidal semiconductors. 20. surface modification and stability of strong luminescing CdS particles”,
Journal of the American Chemical Society 109, 5649–5655 (1987).

9

A. Shavel, N. Gaponik, and A. Eychmüller, “Efficient UV-blue photoluminescing thiolstabilized water-soluble alloyed ZnSe(s) nanocrystals”, The Journal of Physical Chemistry B 108, 5905–5908 (2004).

10

Clarivate, Web of science, Web of Science, (2021) http://apps.webofknowledge.
com (visited on 04/04/2021).

11

A. M. Smith and S. Nie, “Semiconductor nanocrystals: structure, properties, and band
gap engineering”, Accounts of Chemical Research 43, Publisher: American Chemical
Society, 190–200 (2010).

12

P. Reiss, M. Carrière, C. Lincheneau, L. Vaure, and S. Tamang, “Synthesis of semiconductor nanocrystals, focusing on nontoxic and earth-abundant materials”, Chemical
Reviews 116, 10731–10819 (2016).

13

Z. Li, L. Kong, S. Huang, and L. Li, “Highly luminescent and ultrastable CsPbBr3 perovskite quantum dots incorporated into a silica/alumina monolith”, Angewandte Chemie
International Edition 56, 8134–8138 (2017).

14

B. Dong, L. Cao, G. Su, and W. Liu, “Facile synthesis of highly luminescent watersoluble ZnSe:mn/ZnS core/shell doped nanocrystals with pure dopant emission”, The
Journal of Physical Chemistry C 116, 12258–12264 (2012).

15

P. Geiregat, D. Van Thourhout, and Z. Hens, “A bright future for colloidal quantum dot
lasers”, NPG Asia Materials 11, 41 (2019).

16

J. Duan, H. Huang, B. Dong, D. Jung, J. C. Norman, J. E. Bowers, and F. Grillot, “1.3m reflection insensitive InAs/GaAs quantum dot lasers directly grown on silicon”, IEEE
Photonics Technology Letters 31, Conference Name: IEEE Photonics Technology Letters, 345–348 (2019).

95

Cleared for Public Release:
Case Number: AFRL-2021-1721

17

B. D. Chernomordik, A. R. Marshall, G. F. Pach, J. M. Luther, and M. C. Beard, “Quantum dot solar cell fabrication protocols”, Chemistry of Materials 29, Publisher: American
Chemical Society, 189–198 (2017).

18

E.-C. Cho, S. Park, X. Hao, D. Song, G. Conibeer, S.-C. Park, and M. A. Green, “Silicon
quantum dot/crystalline silicon solar cells”, Nanotechnology 19, 245201 (2008).

19

S. H. Lee, C. Jung, Y. Jun, and S. .-W. Kim, “Synthesis of colloidal InAs/ZnSe quantum
dots and their quantum dot sensitized solar cell (QDSSC) application”, Optical Materials
49, 230–234 (2015).

20

X. Dai, Y. Deng, X. Peng, and Y. Jin, “Quantum-dot light-emitting diodes for large-area
displays: towards the dawn of commercialization”, Advanced Materials 29, 1607022
(2017).

21

Z. Bao, Z.-F. Jiang, Q. Su, H.-D. Chiu, H. Yang, S. Chen, R.-J. Chung, and R.-S.
Liu, “ZnSe:te/ZnSeS/ZnS nanocrystals: an access to cadmium-free pure-blue quantumdot light-emitting diodes”, Nanoscale 12, Publisher: The Royal Society of Chemistry,
11556–11561 (2020).

22
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